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 The presented dissertation focuses on the design, synthesis, and characterization of metal-
organic frameworks (MOFs) composed of earth-abundant elements the exhibit photoredox activity 
and studied their application as heterogeneous photocatalysts in organic synthesis and in solar-to-
chemical energy conversion. In particular, the structure-property relationships of titanium-based 
MOFs relating the structure of the organic building unit and the photophysical and photochemical 
activity of the solid material is studied. The first novel family of seven MOFs isoreticular to MIL-
125-NH2, includes functionalized with N-alkyl groups with increasing chain length (methyl to 
heptyl) and with varying connectivity (primary or secondary). The functionalized materials displayed 
reduced optical bandgaps correlated with the increased inductive donor ability of the alkyl substituents, 
enhanced excited-state lifetimes, mechanistic information towards visible light CO2 reduction, and 
improved water stability. The second family of titanium MOFs was prepared with a new secondary 
building unit and organic links of varying lengths, for which Their crystal structure was solved 
utilizing powder X-ray diffraction crystallography. This work provides guidelines for the next 
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CHAPTER 1: THE USE OF EARTH ABUNDANT METAL-ORGANIC 
FRAMEWORKS FOR HETEROGENEOUS PHOTOREDOX 
CATALYSIS 
1.1 Photoredox Catalysis 
The necessity for more efficient and sustainable chemical processes has been of great 
concern of synthetic chemistry in recent years, which has, in turn, stimulated ingenuity and 
innovation. This ingenuity is prominent in the century-old field of photocatalysis,1 which has 
evoked interest due to the development of visible light organic photoredox catalysis since the late 
1970s.2-5 Remarkable advances have been made in chemical bond formation under mild conditions 
promoted solely by visible light, approaching genuinely sustainable bond-forming processes.6-8 
Photoredox catalysis, the field, encompasses an increasing number of photochemical activation 
methodologies in which solar irradiation is absorbed by a catalyst. This catalyst, upon excitation, 
becomes much more redox active, enabling access to both reductive and oxidative pathways and 
in turn, allows controlled bond forming/breaking through mild electron transfer. In contrast, 
uncatalyzed reactions require stoichiometric amounts of chemical redox reagents that are rarely 
reusable. The ability to achieve a rich variety of unique or exotic synthetic methodologies that are 
not yet realized using only sunlight has added more promise, as highly engineered photocatalytic 
systems can be designed. 9-11  
 The direct conversion of solar energy into chemical energy has its origins in 
photosynthesis. This process has evolved over millions of years to efficiently utilize solar 
irradiation to drive a thermodynamically uphill process whereby CO2 is transformed into glucose. 
Interestingly, this is also an example of a photocatalytic reaction that turns an otherwise endergonic 
chemical reaction in the ground state into thermodynamically allowed process via a photo-
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generated activated state. This allows the storage of energy in electron-rich molecules, such as 
glucose. Photosynthesis is vital to sustain life on earth, and it’s also the origin of all fossil fuels. 
This natural system obtains an efficiency of ~3%,12 which although seemingly low, offers a 
benchmark for artificial systems using visible light and strategies for materials design. 
Consequently, there has been a concerted effort towards reproducing this natural system to harvest 
solar energy and convert it to more useful forms through electron transfer process.13-15  
Although solar-to-chemical transformations are essential, relatively little is known on how 
to harness solar energy effectively. The amount of photonic energy (E) in kJ that could potentially 
be extracted from a specific wavelength (λ) of light can be expressed by the following equation: 
𝐸 = ℎ𝜈 =  
ℎ𝑐
𝛌
                            (1-1) 
where h is Planck’s constant (6.626×10-34 J s), ν is the frequency of light in s-1, and c is the speed 
of light (2.998×108 m s-1). This can conveniently be converted to energy in terms of a mole of 
photons by the following equation:  
𝐸 = 𝑁𝐴ℎ𝜈 =
𝑁𝐴ℎ𝑐
𝜆
      (1-2) 
where E is in units of J mol-1, NA is Avogadro’s number (6.022×1023 photons mol-1), and λ is the 
wavelength of light in nm. For example, the energy of ultraviolet light at a wavelength around 315 
nm (381 kJ mol-1) is on the same order as the magnitude of the bond dissociation energy for a C-
C single bond. This is the minimal amount of energy that MIGHT cause this bond to break, 
rearrange, or form radicals, assuming the molecule can absorb such light. An example of this 
process is the light-induced cis-trans isomerization of retinal that is responsible for vision.16 
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Unfortunately, it is uncommon for organic compounds to directly absorb solar energy and thus, 
photocatalyst that can promote such transformations are needed. 
 The conversion pathway from solar-to-chemical energy and other photochemical 
transformations with solid semiconductor photocatalysts in heterogeneous phase, occurs in three 
fundamental steps shown in Figure 1-1. (1) First, the absorption of a photon activates the catalyst 
through the creation of an electron-hole excited state (exciton), by promoting an electron from the 
valence band to the conduction band, as denoted by the vertical arrow. It should be noted that just 
because a photon is absorbed does not mean that a photochemical event will even take pace. The 
likelihood of photoexcitation to occur, assuming the excitation circumstances are suitable, depends 
on the number of photons, intensity of light, or absorption cross-section (extinction coefficient). 
(2) Following excitation, the electron-hole pair must migrate to the surface/interface where each 
charge carrier can then participate in separate redox half-reactions, (3) the electron then will cause 
reduction and the hole will cause oxidation of surface-bound substrates. In a laboratory setting, 
one of these pathways is typically quenched though the use of a sacrificial reagent to explore each 
fundamental step independently, facilitating the determination of the reaction mechanism.17-19 
Historically, transition metal oxides have been the primary focus of photocatalytically 
active materials finding use in inorganic transformations such as water splitting,20-23 CO2 
reduction,24-26 and photovoltaic materials.27-30 These heterogeneous systems are simple and 
represented early attempts at creating artificial systems to drive chemical reactions through solar 
energy under ambient conditions. Due to their intrinsic stability, ease of recyclability, appropriate 
redox potentials, low toxicity, and high natural abundance, this class of materials has been the 








Figure 1-1: Simplified depiction of semiconductor band structure for the photoexcitation (1), charge 
diffusion (2), and redox half-reactions (3). Energy necessary for excitation is represented by black arrow 
in (1). Black arrow in (2) represents charge diffusion to the surface. CB = conduction band and VB = 




However, their use has only seen practical implementation in selected applications unrelated to 
organic transformations or energy production. Their first shortcoming is that they typically have a 
rather large bandgap,31 in the range of 3-4 eV (310-410 nm), which limits the absorption of solar 
irradiation to the UV region, which compromises only less than 5% of the solar spectrum.32 
Moreover, these materials present a high rate of charge carrier recombination, resulting in the 
material returning to the ground state rendering slow redox activity. Another limitation is their low 
surface area that results in very low rates due to the smaller number of active sites. Previous 
research has attempted to overcome this challenge by synthesizing these materials as nanoparticles 
because the high surface to volume ration, but they have a tendency to aggregate as a result of 
strong inter-particle forces, effectively reducing accessible reactivities.33 Despite these drawbacks, 
great efforts are still being devoted to discovering more active heterogeneous semiconducting 
photocatalysts for solar-to-chemical conversions and other organic transformations. The majority 
of this work is concentrated on red-shifting the absorption profile into the visible range to achieve 
broadband charge separation, transportation, and interfacial redox reactions and to further 
understand the mechanisms of these processes.  
More recently, molecular photoredox systems in homogeneous solution, specifically noble 
metal-based coordination complexes such as Ir(ppy)3 and Ru(bpy)3
2+ (ppy = 2-phenylpyridine; 
bpy = 2,2’-bipyridine), have emerged as a versatile photocatalyst to mediate organic 
transformations that could not have otherwise proceeded with ground-state systems.34-36 In this 
case, upon the absorption of a visible photon an electron is excited from the HOMO to the LUMO 
via a singlet metal-to-ligand charge transfer (1MLCT) (Figure 1-2 (a)). This is subsequently 
followed by intersystem crossing (ISC) as a result of strong spin-orbit coupling yielding a long-
lived (> 1 µs) triplet excited state that is electrochemically active towards single electron transfer 
6 
(SET).37  This extended excited state lifetime allows the participation in both oxidative and 
reductive process in the same reaction vessel, through which a variety of important organic 
transformations have been observed. For example, Figure 1-2 (b) demonstrates examples of 
photocatalyzed reactions using Ru(bpy)3
2+ such as the oxidation of arylboronic acids, reductive 
elimination, and redox-mediated cycloadditions.38 Activated C-X moieties can be dehalogenated 
via reductive pathway producing a carbon-centered radical that can participate in further 
transformations.39 These catalysts have also been incorporated in the total synthesis of natural 
products contributing to increasing the yields while significantly reducing the number of synthetic 
steps.37 An example was demonstrated by Yu et al. presented Ir(ppy)3 photocatalyzed reduction of 
acyl oximes into pyridines, quinones, and phenanthridines.40 The authors constructed bioactive 
nornitidine and noravicine in five steps (each) in 55% and 53% yields, respectively (Figure 1-2 
(c)). Without involving the photoredox step, these products were obtained in 11 steps with overall 
yields ~20%. Furthermore, the tunability of the electronic structure through the use of ligand 
modulation enables the control over the redox potentials and an optical gap of these materials. This 
structure-property relationship allows for the rational design of catalysts with specific properties 
and applications while being efficient, obtaining quantum yields near unity, and also highly active 
as a result of their homogeneous nature.41 Unfortunately, most photoredox catalysts are based on 
rare and expensive noble metals not very suitable for large-scale use.42 They also present hazards 
due to their potential toxicity,43 often requiring extensive purification.44 The production of a novel 
catalytic system that could is necessary for practical applications and more sensible management 
of natural resources, vital for a sustainable future. This presents countless opportunities for 
research developing a better understanding of the photophysical and photochemical properties of 






Figure 1-2: (a) Photoinduced SET process mediated by [Ru(bpy)3]
2+. Red arrow represents photonic 
energy required for excitation (b) Examples of [Ru(bpy)3]2+ catalyzed reactions. Nornitidine and 
noravicine that is synthesized more efficiently with photoredox catalysts. Ref. 38-40, 45 
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1.2 Metal-Organic Frameworks 
Metal-organic frameworks (MOFs) provide a platform to combine benefits of both 
heterogeneous and homogeneous systems into a single catalytic structure, due to their high 
available surface area, crystallinity, large degree of synthetic control, and heterogeneity.46-47 MOFs 
are constructed from coordination between well-defined metal oxide clusters, also referred to as 
nodes, and organic molecules often referred to as linkers or struts. These inorganic nodes can also 
be represented by simplified geometric shapes called secondary building units (SBUs) that dictates 
the overall topology.48-49 Molecular linkers connect the oxide clusters together through space to 
produce highly porous 3D architectures, similar to inorganic zeolites (Figure 1-3), but in this case, 
MOFs have predictable crystal structures predetermined by the geometry of the SBU and strut of 
choice (reticular synthesis).50-52 They are different from other inorganic materials in that they are 
composed of well-defined, self-assembling molecular building blocks that form an organized 
hierarchical structure. As of late 2017, MOF synthesis has comprised of > 100 different metal 
clusters with > 1000 different ditopic, tritopic, or quadratopic linkers to obtain over 70,000 MOFs 
and a virtually limitless amount of potential structures.53 This extent of synthetic versatility is 
unprecedented in inorganic materials, especially for those that express meso- and microporosity. 
Many applications have been previously demonstrated in gas storage,54 separation,55-57 catalysis,58 
photovoltaics,59-61 sensors,62-65 and drug delivery,66-68 with promising potential in innovative 
applications, due to the ability to tune the chemical, optical, electronic, and magnetic properties by 
selecting the proper node and linker. This provides the possibility to generate a blueprint for new 






Figure 1-3: (a) Atomic representation (left) and polyhedral representation (right) of MOF-5 inorganic 
clusters (Zn4O)
6+ connected to carboxylate carbon and oxygen. (b) Organic linker, terephthalic acid (c) 
MOF-5 crystal structure. Spheres: gray = carbon, red = oxygen, green = Zn. Polyhedra: green = Zn(II). 
Yellow spheres used to highlight the pore cavity. Created with Vesta 3 and ChemDraw 
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Unsurprisingly, this intrinsic degree of high structural organization, porosity, synthetic 
control and hybrid nature of MOFs has led researchers to investigate their electronic and optical 
properties for potential use in applied applications.69-70 MOF-5 is the prototypical MOF, 
constructed of Zn4O inorganic semiconducting clusters interconnected by 1,4-
benzeodicarboxylate (BDC) (Figure 1-3).71 Geometrically speaking, MOF-5 is an infinite array of 
Zn4O(CO2)6 octahedra, where the carbon atoms in the carboxylate form octahedra that are 
connected together through 1,4-phenylene of BDC. The Zn4O(CO2)6 cluster forms during MOF 
crystallization, and this is a secondary building unit with six points of extension. The points of 
extension are linked together by the carboxylates of the BDC, forming a material composed of 
inorganic nodes (metal oxide clusters) and organic struts (linkers). 
Lin et al. rationalized that MOFs should be viewed as molecular catalysts that are self-
assembled in a crystalline lattice with discrete nature rather than as an inorganic semiconductor.72 
This rational have been demonstrated through theoretical band structure calculations by Welsh et 
al. for MOF-5, showing that there is no band dispersion. This was later demonstrated 
experimentally through the photocatalytic behavior of an isoreticular MOF series. Their poor 
charge carrier properties were contributed to charge localization and should be referred to as small 
bandgap insulators.73 This localized excited state must be in spatial proximity to the photonic 
absorption origin and the reaction active sites simultaneously. It was shown experimentally that 
the charge transport mechanism occurs as thermally activated hopping as opposed to true band 
transport, where the inorganic nodes are isolated from the organic ligands.74 The creation of a 
charge-separated state upon photoexcitation; however, has been demonstrated in MOFs, with such 
excited state being able to participate in redox reactions.75-77 The ability of MOFs to bridge the 
divide between homogeneous and heterogeneous semiconducting catalysts while offering the 
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advantages of both has made them promising materials in this field. Unfortunately, the 
fundamental properties of MOFs as solid-state semiconducting materials are yet to be fully 
understood and developing a generalized understanding is required in order to produce new 
functional materials. 
1.3 MOF Design Principals 
The objective of this dissertation is to investigate and understand the photochemical 
and photocatalytic properties of robust, earth-abundant MOFs as heterogeneous photoredox 
catalysts for solar-to-chemical energy conversion and organic synthesis. This study was 
performed through understanding structure-property relationships between the molecular 
composition of the organic building block in the MOF, and the photocatalytic properties of the 
solid-state material. Furthermore, in order to enable the possibility of wide spread application, the 
following requirements are also required: (1) The MOFs must be composed of earth-abundant 
elements, (2) must be nontoxic, (3) chemically and thermally robust, (4) and the MOFs must have 
accessible, visible light-activated redox potentials.  
The first requirement is that the MOF must be made of readily available and inexpensive 
components. Such elements are those that are earth-abundant, easily recoverable from earth’s 
crust, found in convenient forms, and recyclable. Table 1-1 displays the natural abundance in 
earth’s crust of selected metals highlighting their significant differences in abundance.78 Titanium 
and zirconium are very abundant metals that meet this requirement and are found to be more than 
five orders of magnitude more abundant than noble metals such as Ir, Ru, and Re. Using abundant 
metals facilitates the ability to meet the increasing demands for commodity chemicals, reducing 
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the energy and cost requirement for production. This includes utilization of elements that are 
available on earth and energy sources available, using them both sustainability. 
 
Table 1-1: Natural abundance of select elements in Earth’s crust. Ref. 78 










The second condition is that the materials used should be nontoxic with no potential for 
environmental contamination. This means that MOFs made of heavy metals such as Cr, Pb, Cd, 
Co, etc. and organic functionalities that are a potential hazard should not be used. To date there is 
no relevant environmental or biological role for titanium or zirconium, and are usually not 
absorbed by digestion in animals due to them typically being found at neutral pH as insoluble 
metal oxides and have low bioactivity.79-80  This low bioavailability has been of interest due to the 
ever-increasing use in consumer goods such as Ti incorporation into pigments, sunscreens, 
pharmaceuticals, orthopedic implants, and more recently nanomaterials that have displayed 
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bioactivity.81-83 Specifically, micro- and nano-particles have become of great concern, since it has 
been linked to medical complications such as granuloma, pleura effusion, pulmonary fibrosis, and 
tumor induction upon inhilation.79, 84  
The third requirement is for practical applications; the MOF catalyst must be stable in 
harsh operating environments. For example, in order to reduce CO2 from flue gas, the material 
must be stable above 100 oC with high mass flow under humid environments.85 These conditions 
are typically deleterious to the crystallinity of most MOFs.86-88 This is a result of the meta-stability 
of the metal-O-(carboxylate) bond, the bond that is formed during MOF assembly under dynamic 
equilibrium, and typically the weakest link in a MOF. This type of bonding is necessary to form 
highly ordered materials. As the formation of this bond is driven by metal-coordination via Lewis 
acid-base interactions, it is prone to be sensitive to water, either aqueous or humid conditions, 
resulting in the reverse hydrolysis reaction.89-90 MOFs are also susceptible to thermal 
decomposition due to the phase transition91 of the metastable MOF or from the intrinsic 
decomposition of the organic moiety.92 This is more of an insignificant factor, since photocatalysis 
can occur at lower temperatures with no need of added thermal energy to facilitate the reactions 
other than mass transport of substrates, and lower temperatures can be utilized while having high 
reaction rates. Furthermore, due to the photoredox transformations progressing through successive 
SET radical species, the reaction environments can be harsh to the organic components of the 
materials (organic linkers), and also potentially generate reactive oxygen species (ROS), especially 
when exposed to UV light. All the mentioned considerations point towards the need for creating 
MOFs with increased chemical and thermal stability. It has been discussed that carboxylate-based 
MOFs formed with high oxidation state, early transition metal oxide cluster, offer this desired 
stability due to strong hard-hard acid-base interactions between the metal ion (acid) and 
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carboxylate (base).93-94 Thus, this interaction must be stronger than any acid-base interaction that 
may occur with water which is a hard base. For example, MOFs based on Zr4+, Ti4+, and Y3+ metal 
ions and carboxylate linkers displayed unprecedented stability in water and acidic conditions. The 
next task involved study is their stability-performance relationship. 
The fourth and last requirement is to ensure that the photoexcited state has the appropriate 
redox potentials to initiate the photoredox half-reactions. The alignment of the conduction band 
and valence band must be more reductive and oxidative than the target reaction, respectively. For 
example, for a material to photocatalytically split water, the conduction band position must be 
greater (more negative) than the potential required to reduce 2H+ to H2 (0.0 eV vs. NHE) and the 
valence band position must be less (more positive) than the potential required to oxidize H2O to 
O2 (1.23 eV vs. NHE). Therefore, under ideal circumstances, the bandgap minimum is 1.23 eV 
(equivalent to a photon with λ = 1080 nm). Realistically, the band gap must be larger than this 
value depending on any overpotential necessary to drive the chemical reaction. These values are 
challenging to predict for polycrystalline MOFs and difficult to measure directly.95-98  
Using MOFs in photocatalytic systems has encompassed a variety of roles, from acting as 
a host or solid substitute to being directly responsible for the entire photoredox process. When 
acting as the host for other active heterogeneous photocatalyst, the MOFs have little to no 
participation in the chemical reactions. The catalytically active centers are incorporated into the 
pores of the MOF through grafting or impregnation that mediate the chemical reactions. MOFs 
organize these nanomaterials to eliminate the potential of aggregation99 and self-quenching,100 




Figure 1-4: Crystal structures of MIL-125 (right) and UiO-66 (left) Spheres: gray = carbon, red = oxygen, 
white =hydrogen. Polyhedra: green = Zr(IV) and blue = Ti(IV). Yellow spheres used to highlight the pore 
cavity. Created with Vesta 3 and ChemDraw 
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When MOFs function as a cocatalyst with other guest components that are not covalently anchored 
(such as molecular sensitizers102 or quantum dots)103 the MOF itself can help promote the 
photoredox reactions by precisely controlling the nature of the encapsulation. This type of material 
is best described as an evenly distributed supramolecular system that is segregated by the MOF 
structure.  
In another approach, the entire photoredox process can be solely mediated by the MOF, 
from the creation of the charge-separated-state to participation in the subsequent redox process.75-
76, 104-107 This ensures there will be no extrinsic factors, like pore clogging108 or leaching,109 that 
lead to the slow loss of active material within the MOF and potential contamination. Also, a 
decrease in mass transport throughout the entirety of the MOF pores is then expected. In this 
regard, a stand-alone system that is composed of the inorganic metal-oxide cluster based on earth-
abundant elements and organic linker with predesigned electronic and steric structure, with no 
expensive additives, is desirable. The research presented here is focused on the photoredox activity 
being an intrinsic property of the material, retaining all the traits of a MOF.  
MOFs based on titanium and zirconium, particularly MIL-125(Ti)110 (MIL = Materials 
Institute Lavoisier) and UiO-66(Zr) 111 (UiO = University of Oslo (Figure 1-4) are examples of 
materials that exhibit photoredox behavior and also fulfill the desired requirements. Both MOFs 
are constructed with BDC linkers (same as in MOF-5). MIL-125 contains Ti8O8(OH)4(CO2)12 ring-
shaped clusters, where eight TiO6 octahedra alternate sharing corners and edges with O
2- and OH- 
in the inner section of the ring, and carboxylates bridging two titanium ions in the outer section of 
the ring. The result is a tetragonal structure with a topology closely related to a defect body-
centered tetragonal packing (I4/mmm symmetry). UiO-66 contains Zr6O4(OH)4(CO2)12 cluster 
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where the Zr4+ occupy the corners of octahedron, O2- and OH- with μ3-connectivity occupy the 
faces of the octahedron, alternating positions, and the carboxylates occupy the edges of the 
octahedron with twelve points of connection, forming a fcu topology with cubic symmetry (Im-
3m). Both materials produce charge-separated states that result in photoredox activity.76-77, 104, 112-
116 
The modular nature of MOFs is unlike inorganic semiconductors, allowing for fine control 
of their chemical, electronic, and physical properties through synthetic means, decoupling 
composition from reactivity. Typically, the organic linkers act as light antennae to harvest solar 
energy and undergo a ligand-to-metal charge transfer (LMCT) that creates a redox active electron-
hole pair. Viewing the MOF as an array of self-assembled molecular structures, it can be easily 
rationalized that the synthetic control over MOF structures allows for control over its properties 
and performance. The ability to effectively control the energy required to excite the system 
strongly depends on the nature of the ligand, which functions as electromagnetic antennae. This 
was first theorized for MOF-5,117 and later demonstrated with functionalized organic linkers,118 
such as 2-amino terephthalic acid (BDC-NH2) to increase the level of the HOMO while 
maintaining the same LUMO (HOMO-LUMO nomenclature when considering molecular, 
valence-conduction bands when considering solid materials), decreasing the HOMO-LUMO gap 
(or bandgap) to the visible region. This results from the electron density donation from the lone 
pair on the nitrogen atom to the antibonding orbital (π*) of the aromatic ring.119 This is significant 
since light harvesting is the first step in the development of new MOFs for photocatalytic 
applications. This approach gives synthetic control over intrinsic photochemical and photophysical 
properties of the MOF. Fu et al. studied this substitution effect in MIL-125 and MIL-125-NH2 and 
its role in the reduction of CO2 under visible light.
120 Figure 1-5 (1) shows that by introducing 
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amino groups in the organic link, results in absorption with red shift the near edge absorption band 
from 350 nm to 500 nm for the MIL-125 and MIL-125-NH2, respectively, evidenced by the color 
change in the materials (Figure 1-5 (1)). The powder X-ray diffraction pattern shows that the 
introduction of the amine group does not influence the structure and matches that of the predicted 
powder pattern (Figure 1-5 (2)). The photoreduction of CO2 to HCO2
- (formate), which has been 
shown to be a valuable chemical for fuel cell integration, and even proposed for H2 storage, was 
performed in acetonitrile (MeCN) using triethanolamine (TEOA) as an electron donor. MIL-125-
NH2 showed activity towards the photoreduction of CO2 when irradiation with λ > 450 nm light, 
whereas MIL-125 shows no activity under the same conditions. Upon visible light irradiation of 
MIL-125-NH2 in MeCN with TEOA under a N2 atmosphere, the reaction suspension color 
changed from yellow to green (Figure 1-5 (4)). The yellow color returned upon the introduction of 
O2 and CO2. This photochromic behavior is attributed to intervalence electron transfer from 
electrons hopping between the Ti3+ and Ti4+ species in the Ti-oxide cluster. This was confirmed 
using electron spin resonance (ESR) and transient absorption spectroscopy confirming the 
formation of Ti3+ (d1) upon LMCT.120 
There are a few reports extending beyond the -NH2 functionality and its influence on the 
optical band gap of the MOFs. In one study, MIL-125 made with BDC was substituted with 
varying amounts of BDC-NH2, ranging from one to twelve BDC-NH2 linkers per unit cell, all 
samples exhibited roughly the same optical bandgap of 2.6 eV with an apparent molar extinction 







Figure 1-5: (1) Diffuse reflectance absorption spectra of MIL-125(a) and MIL-125-NH2 (b). Insert is an 
image of samples. (2) PXRD patterns of simulated MIL-125 (a), experimental MIL-125 (b), and 
experimental MIL-125-NH2 (c). (3) Proposed photoreduction mechanism of CO2 for MIL-125-NH2. (4) 
ESR spectra (bottom) and photos (top) of fresh MIL-125-NH2 (a), TEOA and visible light under N2 
conditions (b), and post CO2 purge (c). Ref. 




The addition of a second -NH2 onto the BDC-NH2 ligand of the MIL-125 analog, making BDC-
(NH2)2, further destabilized the HOMO and lowered the optical bandgap to 1.3 eV, compared to 
2.4 and 3.6 eV for MIL-125-NH2 and MIL-125, respectively. This study provided evidence of 
ligand substitution for control of optical properties in MOFs, but many questions regarding the 
specific role of mixed linkers and heterogeneity remain unanswered. In a computational study of 
the electronic structure of MIL-125, using different substituents such as -CH3, -OH, -NH2, or -Cl 
revealed that the electronic nature of the substituent is correlated to the bandgap, where greater 
electron-donating ability of the substituent results in smaller bandgaps, showing that BDC-(NH2)2 
has the lowest apparent bandgap in the series.121 This work demonstrated the significant role that 
the linker plays on the optical properties and provides initial direction towards the design of highly 
photoredox active MOF materials. Further studies, also showed that the BDC-NH2 linker prolongs 
the excited state lifetime by stabilizing the localized hole in the aromatic ring of BDC, increasing 
probability of redox reactions to take place.122 Recently, more photoactive linkers have been made 
and incorporated into MOFs, many inspired by natural photosynthesis, such as the use of 







Figure 1-6: (a,b) Frontier orbital electron density for the valence band (a) and conduction band (b) of 
MIL-125. (c) PBEsol band structure for synthetic MIL-125 (black), 10% MIL-125-NH2 (blue), 90% MIL-
125-NH2/10% MIL-125-(NH2)2 (orange), and theoretical 10% MIL-125-(NH2)2 (green). (d) HSE06-
calculated VB and CB energies of MIL-125-NH2 with increasing density of BDC-NH2 linkers. Ref  121. 








Figure 1-7: DFT-calculated band gaps for MIL-125 and substituted analogs (using HSE06 functional). 




Similar behavior was observed in the electronic structure of other do high valent MOFs 
with amino-functionalized BDC. The nature of the electronic properties of MIL-125-NH2, UiO-
66-NH2(Zr), and UiO-66-NH2(Hf) (isoreticular to UiO, but with Hf instead of Zr) were studied 
computationally and experimentally for their potential use as a photoredox catalyst. Although they 
possessed comparable structural features, their electronic properties are significantly different, as 
shown in Figure 1-8 (a). As already stated, MIL-125 derivatives undergo a LMCT from the HOMO 
in the organic linker to the LUMO of the metal cluster.124 This LMCT is long-lived making it 
suitable for photoredox applications. In contrast, UiO-66-NH2(Zr) and UiO-66-NH2(Hf) exhibit 
low d-orbital binding energies and cannot overlap with the antibonding orbital of the linker (π*) of 
the ligand. This phenomenon has the effect to localize the frontier bands around the organic linker, 
resulting in fast recombination of the excited state, diminishing the photoredox activity. Electron 
paramagnetic resonance (EPR) of these MOFs, shown in Figure 1-8 (b), was carried out under 
similar conditions to that of the photocatalytic redox reactions. When exposed to UV irradiation, 
there is a LMCT for MIL-125-NH2 that is in agreement with the intense paramagnetic signal 
ascribed to the Ti3+ (d1) formed with photoexcitation. UiO-66-NH2(Zr) and UiO-66-NH2(Hf) do 
not display such EPR feature, which agrees with previous observations, trying to use Zr-MOF 
system to inject electrons into a cocatalyst for H2 evolution from an aqueous solution.
125 These 
studies altogether suggest that tunable photoredox catalysis in MOFs can be achieved only in MIL-
125-like structure, where there is an electronic synergy between the linker and the metal for a long-
lived excited state accessible with visible light, and dependent on the electronic features of the 
linker. Since it’s been shown that there is no electronic communications between linkers and 




Figure 1-8:(a) Electronic band structure of MIL-125-NH2 (left), UiO-66-NH2(Zr) (center), and UiO-66-
NH2 (Hf) (left) relative to vacuum level. Orbitals shown on top and bottom represent the LUMO and 
HOMO, respectively. M and L indicate metal and ligand, respectively. (b) EPR spectra of MIL-125-NH2 
(left), UiO-66-NH2(Zr) (center), and UiO-66-NH2 (Hf) (left) under dark (black) and UV irritation (red). 
Ref. 124  
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The use of post-synthetic modification (PSM) has been demonstrated as an effective 
method to further functionalize MOFs like gas separation,126 drug delivery,67 sensing,127 and 
others.128 This method consists in preforming a targeted chemical transformation or modification 
of molecular features of the cluster of the linker after the MOF is assembled, crystallized and 
isolated. PSM offers a method to chemically modify the molecular structure of MOFs in a 
heterogeneous manner that may not be possible before the synthesis of the MOF. There are several 
advantages of this method which include a rich variety of accessible functional groups, robust 
synthetic tolerance, facile isolation of newly functionalized MOF, and ambient to mild reaction 
conditions. Gascon et al. demonstrated that the PSM of MIL-125-NH2 by diazotization of the 
amino groups followed by reaction with dimethylaniline to yield a methyl red derivative moiety 
(denoted as MIL-125-MR) allowed the extension of the absorption spectrum to nearly 700 nm for 
the MIL-125-MR due to the increased conjugation of the aromatic linker (Figure 1-9).129 This 
bathochromic shift also showed enhanced catalytic activity towards the reduction of benzyl alcohol 
to form benzaldehyde at higher rates for the MIL-125-MR compared to MIL-125-NH2 and MIL-
125 because of the large molecular size of diethyl aniline, it is very likely that this transformation 
only occurs near the surface of the MOF particles and also likely that the photoredox reaction 
occurs only at this interface.  
The number of reported Ti-based MOFs in the literature is small, compared to MOFs with 
other metal composites. Titanium MOFs have proved to be synthetically elusive due to the high 
reactivity of Ti precursors in solution that makes bond association/dissociation challenging and 
inhibits the dynamic processes necessary for high crystallinity. Synthetic control over 
crystallization is essential for the successful synthesis of titanium MOFs. 
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Figure 1-9: (a) Diffuse reflectance absorption spectra of MIL-125 (gray), MIL-125-NH2 (orange), and 
Mil-125-MR (red). (b) Photocatalyzed reduction of benzoyl alcohol to benzaldehyde using no catalyst 
(gray), MIL-125-NH2 (orange), and Mil-125-MR (red). Ref. 129. Copyright 2013, Royal Society of 
Chemistry 
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To circumvent this problem, precondensed titanium-oxo carboxylate (TOC) cluster precursors can 
be utilized for greater synthetic flexibility, resulting in higher product yields with less TiO2 phase 
formation.130-131 This stepwise approach has proved valuable in the preparation of titanium MOFs, 
by eliminating the possibility of hydrolysis and slowing down the dynamic crystallization 
environment. An important point to mention is that there has been significant work beyond the 
scope of this introduction. Metal deposition was demonstrated by Li et al. using Ti-deposited 
around the Zr-oxy cluster of UiO-66-NH2(Zr/Ti) to explore the effects of this bimetallic interaction 
on its photophysical and photochemical properties.132 Compared to the parent MOF, the bimetallic 
material had enhanced CO2 reduction and H2 evolution ability. DFT and EPR reveal that Ti acts 
to mediate the electron transfer process into the Zr-oxide cluster. Other, more sophisticated, 
bimetallic examples were first demonstrated by Lin et al. with the inclusion of organometallic 
complexes of Ru and Ir into UiO-type MOFs, but in this case, all the photoredox activity centers 
around the Ru/Ir complex, disregarding any role that the metal-oxide can provide.133 
This description serves as an introduction on how robust MOFs have been designed 
towards photoredox catalysis and as a guideline for further development for the conversion of solar 
energy to fuel production and organic synthesis. This is a rich field that offers synthetic versatility 
from the tunable structure that makes MOFs a promising material for photocatalysis and an ideal 
platform to study mechanistic processes. MOFs as photocatalysts are still in their infancy with the 
reported examples of redox reactions being relatively simplistic, while focusing efforts on 
strategies to enhance light absorption and charge separation to promote MOF photocatalysis. This 
offers a significant chance for contribution to this field from a platform that facilitates a 
fundamental understanding of the photophysical and photochemical properties of MOFs. The 
organic linkers act as light antennae that connect and stabilize the discrete semiconductor metal 
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oxide centers and play a significant role in determining the properties related to the photocatalytic 
activity of the MOFs. In an effort to have broadband light absorption, most work towards 
producing more efficient MOF systems has been focused on producing highly π-conjugated 
linkers. The difficulty lies in predicting and controlling the energy levels, lifetimes, and other 
properties related to the transient charge-separated state in MOFs. In addition, the majority of 
MOFs offer minimal stability under photocatalytic environments. As such, limitations remain that 
need to be overcome prior to sustainable development and utilization for wide-scale production of 
photocatalytic MOFs materials. 
1.4 Dissertation Outline 
This dissertation describes the design, synthesis, and characterization of MOFs composed 
of earth-abundant elements that exhibit photoredox activity, specifically studying their application 
as heterogeneous photocatalysts to drive organic transformations and solar-to-chemical energy 
conversion. I examined the structure-property relationships of titanium-based MOFs by exploring 
the effect of the structure of the organic component on the photophysical and photochemical 
activity of its solid-state composition.  
Chapter 2 focuses on the mild oxidation of N-hydroxy-carbamate compounds from a 
surveyed library of known MOFs that are chemically stable and constructed of earth-abundant 
elements including Ti, Zr, Fe, Cu, V, and Al. Upon oxidation, N-hydroxy-carbamate produces a 
reactive acyl-nitroso intermediate that can react with intramolecular pendant alkene moieties 
through a nitroso-ene reaction to afford N-hydroxy-oxazolidones, which are nitrogen-containing 
building-blocks found in biologically active compounds in pharmaceuticals and natural products. 
This reaction has been previously reported to occur with mild oxidants such as CuCl/O2 and 
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Fe(II)/H2O2 in the ground state and with Ru(bpy)3
2+ as a molecular photoredox catalyst. The library 
of prepared MOFs was tested towards this oxidation photocatalytically using a UV-Vis Xe lamp 
and blue LEDs in aerobic conditions. The heterogeneous nature allowed easy isolation of the 
catalyst from the reaction mixture and in regeneration of the catalyst upon drying; product isolation 
was achieved by simple filtration and evaporation of the solvent, while the homogeneous methods 
reported require extensive purification methods (e.g., column chromatography). Upon oxidation 
of increasingly more complex N-hydroxy-carbamates, it was found that the MOFs induce 
diastereoselectivities similar to those obtained in solution. Mechanistic information was obtained 
through chemical kinetics studies, photochemical quantum yield measurements, and the 
determination of the photogenerated reactive species. Temperature dependence in the kinetic 
studies enabled the identification of the photoredox process as the rate-limiting step of the reaction, 
a result that is often seen when using non-porous heterogeneous catalysts like TiO2. This result is 
also consistent with previous studies on the dependence of the external surface area/external 
interface of MOF crystallites on the control of the reaction kinetics. This initial study helped to 
point out two primary methods of increasing MOFs photocatalytic redox activity: (1) decreasing 
the bandgap and (2) gaining access to the internal pore structure of the MOF. 
Chapter 3 describes the systematic functionalization of the 2-amino-terephthalate ring with 
N-alkyl groups of increasing chain length (from methyl to heptyl) and varying connectivity 
(primary and secondary α-carbon). This functionalization increases the electron density of the 
aromatic ring via inductive effects, which progressively adds electronic density to the aromatic 
ring in BDC, resulting in decreased bandgap and increasing the photoredox activity. The 
progressive additions of N-alkyl groups also increased the excited state lifetimes and attained high 
photocatalytic activities towards CO2 reduction under blue LED illumination, with operating times 
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up to 120 h. In particular, MIL-125-NHCyp (Cyp = cyclopentyl) exhibited a smaller bandgap, a 
longer-lived excited-state, and a larger apparent quantum yield compared to the parent MIL-125-
NH2, making it a promising candidate for the next generation of photocatalysts for solar fuel 
production. 
Chapter 4 demonstrates that N-alkyl functionalization not only serves to increase the 
broadband absorption and extend the photogenerated excited state lifetime compared to MIL-125-
NH2, but the successive N-alkyklations also provided a means to improve stability towards water, 
water vapor, and at varied pH and temperatures. It was shown that MIL-125-NHCyp not only 
exhibited high photocatalytic reduction towards CO2 in Chapter 3 but also displayed structure and 
porosity stability in humid and aqueous environments for more than 30 days as well as increased 
hydrophobicity compared to the parent framework (MIL-125-NH2). This functionalization also 
decreased water vapor uptake while allowing the retention BET surface area after multiple 
adsorption-desorption cycles. This improved stability, in conjunction with its high photocatalytic 
activity, makes this MOF a very promising candidate for large-scale applications in CO2 
photoreduction. 
Chapter 5 describes the strategy followed to access larger pore sizes, using longer linkers 
and the characterization thereof. This includes a family of three new layered Ti-based MOFs, 
UCFMOF family. This family most likely possesses a nonintepenatrated structure with one-
dimensional inorganic clusters. All members of the series exhibit robust porous structures where 
the unit cell, pore aperture, and the void volume is dependent upon the organic linker length. This 
is evident by their high permanent porosity and high thermal stability. 
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Finally, Chapter 6 describes recommendations for future materials based on the titanium 
MOFs described herein, from the point of view of linker design. Presented is two sequential 
schemes that impart more sophisticated functionalities that have chemical recognition. The first 
incorporates electron donation groups and steric constraints through heterocycles to understand 
the effect on light harvesting and excited state lifetime. The second incorporates chiral molecules 
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CHAPTER 2: HETEROGENEOUS PHOTOREDOX SYNTHESIS OF N-
HYDROXY-OXOAZOLIDINONES CATALYZED BY METAL-
ORGANIC FRAMEWORKS 
2.1 Introduction  
Metal-organic frameworks (MOFs)1 composed of earth-abundant elements are attractive 
candidates for organic photoredox catalysis. By taking advantage of MOF self-assembly, complex 
hierarchical materials chemically decorated with organic moieties can be easily tailored for 
specific functions.2-3 MOFs have shown unprecedented success in many applications such as gas 
storage,4 separation,5 sequestration,6 payload release,7 light harvesting,8 ground-state catalysis,9 
and artificial photosynthesis.10 A much less explored application, photocatalysis, is particularly 
attractive since MOFs can act as highly efficient and tunable heterogeneous catalysts that enable 
many unique photoredox reactions. In such reactions,11 organic functional groups are transformed 
by a photoredox catalyst that shuttles a light-induced electron transfer.  A vast amount of research 
has been devoted to using catalysts such as Ru and Ir bipyridyl molecular complexes for 
homogeneous reactions—pioneered by MacMillan,12 Stephenson,13 and Yoon.14 However, 
because of their reliance on low abundant, high cost transition metals (especially Ir), their 
application to large-scale industrial processes might be limited. Moreover; homogeneous catalysis, 
albeit very fast and efficient, requires tedious processes to separate the heavy metals from reaction 
mixtures and very rarely can the catalyst be recovered. For these reasons, more efficient, selective 
and recyclable solid-state catalysts that are composed of earth-abundant elements such as Cu, Ti, 
Al, or Zr are desirable. 
 Recently, photoredox activity in MOFs has been observed in relatively simple MOFs 
containing earth-abundant metal ions: Ti+4, Zr+4, Al+3, Cr+3, and Fe+3. Examples of these include 
49 
MIL-125,15 UiO-66,16 and MIL-5317-19 (Figure 2-2; MIL = Materials Institute Lavoisier, UiO = 
University of Oslo). This activity has shown promise in the photooxidation of functional groups, 
such as activated alcohols,20 and thiols,21 and in the reduction of carbon dioxide.22 More complex 
MOFs, isoreticular to UiO-66 that contain organic linkers with anchored Ru and Ir complexes 
were reported by Lin et al.23-24 These MOFs display unprecedented photoredox activity towards 
the generation of hydrogen, reduction of carbon dioxide, formation of iminium ions and oxidation 
of thiols. While the observation of photoredox activity with Ru and Ir containing MOFs represents 
a tremendous advancement in the field of MOF photoredox catalysis, the elimination of precious 
metals from the active catalysts in more complex reactions has not been achieved. We envision 
that the next generation of photocatalytic MOFs will incorporate inexpensive organic and 
inorganic constituents, with tunable steric/electronic features to carry out specific chemical 
transformations. 
In this work, we describe how MOFs can be used as photoredox catalysts, to prepare N-
hydroxy-oxazolidinones from N-hydroxy-carbamates (Figure 2-1). When N-hydroxy-carbamate 1 
is mildly oxidized, a highly reactive transient acyl-nitroso intermediate (1a) is formed, which 
undergoes an intramolecular nitroso-ene reaction with the pendant alkene to form N- hydroxy-
oxazolidinone 2. Oxazolidinones such as 2 are key building blocks in organic chemistry for the 
synthesis of nitrogen containing natural products and pharmaceuticals. These kinds of 
oxidation/cyclation reactions have been shown to be highly efficient with the use of mild oxidants 
in the ground state, such as CuCl/O2 
25 or FeCl3/H2O2.
26 We envision that MOFs can provide a 





































2.2 Experimental Section 
2.2.1 Materials and methods 
All starting materials and solvents, unless otherwise specified, were obtained from 
commercial sources (Aldrich, Fisher, Strem) and used without further purification. All reactions 
were performed at ambient laboratory conditions, and no precautions were taken to exclude 
oxygen or atmospheric moisture unless otherwise specified. Anhydrous acetonitrile (MeCN), and 
anhydrous N,N-dimethylformamide (DMF), were purified using a custom-built alumina-column 
based solvent purification system (Inovative Technology). Anhydrous methanol and anhydrous 
dioxane were obtained from Aldrich (Sureseal). Mesitylene was dried over activated 4Å molecular 
sieves. Deuterated solvents (CDCl3, D2O, CD3CN, DCl 30% in D2O, NaOD 40% in D2O) were 
obtained from Cambridge Isotope Lab.  
2.2.2 Characterization 
High-resolution 1H, and 13C nuclear magnetic resonance (NMR) spectra were recorded 
using Bruker AVANCE-III 400 MHz spectrometer. The 1H chemical shifts are given relative to 
tetramethylsilane as zero ppm, calibrated using the residual solvent signal. Data processing was 
performed using MestReNova (v. 9.0.1). Mass spectra were recorded on an Agilent 6230 TOF LC-
MS instrument with an Agilent Zorbax SB-C18 analytical column. Fourier-transform infrared 
spectra were recorded using a Perkin Elmer Spectrum ONE Universal FT-IR ATR. A total of 32 
transients were collected for each sample with a resolution of 0.05 cm-1 between 4000-650 cm-1 
Powder X-ray diffraction measurements were performed using a Rigaku Miniflex 600 
diffractometer, with θ-2θ Bragg-Brentano geometry, and a 600 W (40 kV, 15 mA) Cu X-ray tube 
source using Kα (λ = 1.5418 Å) radiation, samples were measures from 4 to 40 2θ-degrees with a 
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step size of 0.02º and a scan rate of 1.5 s per step. Samples were prepared by dropping the powder 
sample in a glass sample holder and pressing the powder with a razor blade spatula. Measurements 
were also performed using a PANanalytical Empyrean diffractometer with θ-2θ Bragg-Brentano 
geometry, and a 1.8 kW (40 kV, 45 mA) Cu X-ray tube source using Kα (λ = 1.5418 Å) radiation, 
samples were measured from 3 to 40 2θ-degrees with a step size of 0.01671º with spinning sample 
stage utilizing X’Celerator multi-element detector. Samples were prepared by dropping the powder 
sample in a zero-background graphite plate and pressing the powder with a razor blade spatula. 
Simulated of PXRD patterns were calculated using the Reflex module in Materials Studio (v8.0, 
Biovia) from the CIF file of the respective MOF retrieved from their respective reference. 
Scanning Electron Microscopy was performed in a JEOL JSM 6480 microscope at an 
accelerating voltage of 20 kV operating under low-vacuum mode. Samples were prepared by 
dispersing powder samples onto sticky carbon surface attached to a flat stainless steel sample 
holder; excess particulates were removed by tapping the sample holder upside down. 
2.2.3 Photocatalytic measurements 
Photochemical reactions were carried out in a home-built reactor using a 300 W ozone-free 
Xe lamp (Newport) equipped with λ > 305 and λ > 385 nm filters to remove lower wavelengths. 
Reactions at 470 nm were performed utilizing a 60 W blue LED lighting (waterproof LED Flexible 
Light Strip 12V with 300 SMD 3258 LED, 5 Meter, Amazon). The temperature of the reactor was 
kept below 30 ºC with the aid of an attached fan. Elevated temperatures were achieved by including 
a temperature programmable stirring plate. 
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2.2.4 Synthesis 
General procedure for the synthesis of 1, 3, 5, 7, 9. 1,1'-Carbonyldiimidazole (6.38 g, 
39.4 mmol, 2.0 equiv) was added to a solution of alcohol (1.69 g, 19.7 mmol, 1.0 equiv) in MeCN 
(50 mL) and stirred, under argon, at room temperature until Thin Layer Chromatography (TLC) 
indicated complete consumption of the alcohol (typically after 2 h). Imidazole (5.36 g, 78.8 mmol 
4.0 equiv) and hydroxylamine hydrochloride (5.48 g, 78.8 mmol, and 4.0 equiv) were added and 
stirring continued until TLC showed complete consumption of the intermediate. After removal of 
the reaction solvent, the residue was partitioned between ethyl acetate and 1 M HCl followed by 
extraction of the aqueous phase with ethyl acetate. The organic phase was washed with brine, dried 
(Na2SO4), filtered, and concentrated under vacuum to afford the crude product, which was purified 
by flash column chromatography using 40% ethyl acetate-hexane. 
 
Compound 1: yield: 72%; liquid. 1H NMR (CDCl3, 400 MHz): δ = 7.45 (brs, 2H), 
5.36-5.32 (m, 1H), 4.64 (d, J = 7.3 Hz, 2H), 1.75 (s, 3H), 1.71 (s, 3H). 13C NMR (CDCl3, 100 
MHz): δ = 159.87, 140.24, 118.30, 63.22, 25.93, 18.20. HRMS (ESI-TOF) m/z calculated for 
C6H13NO3 [M+H]




Compound 3: yield: 86%; liquid. 1H NMR (CDCl3, 400 MHz): δ = 7.66 (brs, 1H), 
7.62 (brs, 1H), 5.84-5.76 (m, 1H), 5.61-5.53 (m, 1H), 4.55 (dd, J = 6.6, 0.7 Hz, 2H), 1.71 (d, J = 
6.5 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ = 159.62, 132.32, 124.87, 67.02, 17.89. HRMS (ESI-
TOF) m/z calculated for C5H9NO3 [M+H]
+: 132.0655, found 132.0654. 
Compound 5: yield: 89%; liquid. 1H NMR (CDCl3, 400 MHz): δ = 7.72 (brs, 1H), 
7.59 (brs, 1H), 5.56-5.47 (m, 1H), 5.39-5.32 (m, 1H), 4.13-4.10 (t, J = 7.1 Hz, 2H), 2.30 (q, J = 
6.6 Hz, 2H), 1.64 (d, J = 6.3 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ = 159.79, 128.38, 126.04, 
65.98, 32.22, 18.10. HRMS (ESI-TOF) m/z calculated for C6H11NO3 [M+H]
+: 146.0812, found 
146.0813. 
 
Compound 7: yield: 77%; liquid. 1H NMR (CDCl3, 400 MHz): δ = 7.50 (brs, 2H), 
5.78-5.70 (m, 1H), 5.45 (ddd, J = 15.3, 6.9, 1.6 Hz, 1H), 5.28-5.22 (m, 1H), 1.67 (dd, J = 6.5, 0.9 
Hz, 3H), 1.30 (d, J = 6.4 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ = 159.30, 130.45, 129.04, 73.69, 
20.52, 17.79. HRMS (ESI-TOF) m/z calculated for C6H11NO3 [M+H]









Compound 9: yield: 68%; liquid. 1H NMR (400 MHz, CDCl3) δ = 7.42 (brs, 1H), 
5.74 (m, 1H), 5.38 (ddq, J = 15.3, 7.6, 1.6 Hz, 1H), 5.11 (q, J = 6.9 Hz, 1H), 1.68 (ddd, J = 6.5, 
1.7, 0.5 Hz, 3H), 1.65-1.60 (m, 1H), 1.56-1.49 (m, 1H), 1.33-1.22 (m, 5H), 0.87 (t, J = 7.0 Hz, 
3H). 13C NMR (CDCl3, 100 MHz): δ = 159.44, 130.01, 129.43, 77.60, 34.40, 27.35, 22.57, 17.85, 
14.07. HRMS (ESI-TOF) m/z calculated for C9H18NO3 [M+H]
+: 188.1281, found 188.1293. 
 
General procedure for solvothermal reactions in flame-sealed glass tube vessel. A one 
m long borosilicate glass tube measuring 10 × 8 mm (o.d × i.d), was divided into six equal portions 
with a marker. Using a glass cutter, the long tube was cut into three shorter tubes by only cutting 
every other mark. The cut ends of the tube were etched using an oxygen-propane torch. The final 
glass tubes were made by melting the intermediate glass tubes at the mark with the torch. After the 
reactants and solvents were loaded into to the glass tubes, a hose adaptor was used to connect the 
glass tube to a high vacuum (10 mTorr) using a Schlenk line constructed by fitting the open end 
of the tube inside a short length of standard rubber hose that was further affixed to a ground glass 
tap which could be closed to insolate this assembly from dynamic vacuum. The mixture was flash 
frozen at 77 K (liquid N2), evacuated to an internal pressure of 150 mTorr (± 10 mTorr), and sealed 
under static vacuum. Upon sealing, the length of the tube was reduced to 18-20 cm; the reactant 





reaction was complete, the tube was allowed to cool to room temperature and the tube was opened 
using a glasscutter, and the solids were isolated by filtration. 
HKUST-1. Trimesic acid (0.250 g, 1.190 mmol) was dissolved in 50 mL of a 1:1:1 mixture 
of DMF/Etanol/H2O in a 250 mL round bottom flask equipped with a magnetic stirrer (Solution 
A). CuCl2(H2O)2 (0.500 g, 2.974 mmol) was dissolved in 50 mL of a 1:1:1 mixture of 
DMF/EtOH/H2O (Solution B). Solution B was added drop wise to Solution A at room temperature 
with stirring. The mixture was stirred for 24 h forming a blue crystalline solid that was isolated by 
filtration. The solid was rinsed three times with DMF and CHCl3. The blue powder was immersed 
in CHCl3 and stored 3 days in a desiccator, replacing the solvent six times during this period. The 
excess solvent was removed by decantation and the solvent-wet powder was dried under dynamic 
vacuum (10 mTorr) for 24 h at room temperature. The resulting in a bright blue powder was stored 
under N2 in a desiccator. Yield: 0.150 g [30% based on Cu2(H2O)2(C9H3O6)4]. FTIR (ATR, cm
-1) 
664.5, 728.0, 760.0, 994.5, 1082.0, 1106.0, 1256.21, 1372.5, 1432.0, 1448.5, 1611.0, 1635.5.   
MIL-53(Al). AlCl3 (0.030 g, 0.225 mmol) was mixed with terephthalic acid (0.037 g, 
0.225 mmol) in a borosilicate glass tube. The powders were dissolved in 2.0 mL deionized H2O 
and the suspension was mixed in an ultrasonic bath for one minute. The glass tube was flame 
sealed following the general procedure described above, and heated to 220 oC for 120 hours. After 
the tube was cooled to room temperature, the solids were separated by filtration, and rinsed three 
times with DMF and CHCl3. The obtained white powder was immersed in CHCl3 and stored 3 d 
in a desiccator, replacing the exchange solvent six times during this time. The solvent was removed 
by decantation and the solvent wet powder was dried under dynamic vacuum (10 mTorr) 24 h at 
room temperature. The pale yellow solid was stored under N2 in a desiccator. Yield: 0.029 mg [57 
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% based on Al(OH)(C8H4O4)2]. FTIR (ATR, cm
-1) 730.5, 750.5, 780.0, 822.0, 839.0, 854.5, 880.0, 
887.5, 983.5, 1011.5, 1025.5, 1106.0, 1117.5, 1143.5, 1173.5, 1256.5, 1286.0, 1325.5, 1416.0, 
1441.0, 1510.0, 1610.5, 1705.5, 3691.0.   
MIL-53-NH2(Al). AlCl3 (0.295 g, 2.212 mmol) was mixed with 2-amino-terephthalic acid 
(0.225 g, 1.242 mmol) in a borosilicate glass tube. The powders were dissolved in 2.0 mL 
deionized H2O and the suspension was mixed in an ultrasonic bath for one minute. The glass tube 
was flame sealed following the general procedure described above, and heated to 220 oC for 120 
h. After the tube was cooled to room temperature, the solids were separated by filtration, and rinsed 
three times with DMF and CHCl3. The obtained white powder was immersed in CHCl3 and stored 
3 d in a desiccator, replacing the exchange solvent six times during this time. The solvent was 
removed by decantation and the solvent wet powder was dried under dynamic vacuum (10 mTorr) 
24 h at room temperature. The pale yellow solid was stored under N2 in a desiccator. Yield: 0.027 
g [30% based on Al(OH)NH2(C8H4O4)2]. FTIR (ATR, cm
-1) 704.0, 755.5, 772.0, 809.0, 818.5, 
843.5, 856.5, 890.0, 909.0, 963.5, 1000.5, 1012.0, 1117.5, 1133.5, 1171.5, 1244.5, 1264.0, 1314.0, 
1342.5, 1402.0, 1440.5, 1491.5, 1584.5, 1606.0, 1691.5, 3191.0, 3507.5, 3682.0. 
UiO-66. ZrCl4 (81.0 mg, 0.348 mmol) was mixed with terephthalic acid (0.058 g, 0.348 
mmol) in a 20.0 mL vial. The powders were dissolved in 15.0 mL of anhydrous DMF. The 
suspension was mixed using an ultrasonic bath for one minute. Water (25.0 μL, 1.392 mmol) was 
added to the solution. 2.5 mL aliquots were transferred to six borosilicate glass tubes and flame 
sealed following the general procedure described above. The tube was heated at 120 °C for 24 h 
yielding a pale yellow solid in a colorless solution. After the tube cooled to room temperature, the 
solids were separated by filtration and rinsed with three times with DMF and CHCl3. The white 
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powder was immersed in CHCl3 and stored 3 d in a desiccator, replacing the solvent six times 
during this period. The solvent was removed by decantation and the solvent wet powder was dried 
under dynamic vacuum (10 mTorr) 24 h at room temperature. The pale yellow solid was stored 
under N2 in a desiccator. Yield: 0.091 g [94 % based on Zr6O4(OH)4(C8H4O4)6]. FTIR (ATR,        
cm-1) 675.0, 766.0, 836.0, 880.5, 976.5, 1052.5, 1173.0, 1262.5, 1346.5, 1391.0, 1428.5, 1509.0, 
1591.0, 1660.5, 3361.0. 
UiO-66-NH2. ZrCl4 (0.080 g, 0.344 mmol) was mixed with 2-amino-terephthalic acid 
(0.062 g, 0.344 mmol) in a 20.0 mL vial. The powders were dissolved in 20.0 mL of anhydrous 
DMF. The suspension was mixed in an ultrasonic bath for one minute. Water (25.0 μL, 1.392 
mmol) was added to the solution. 2.5 mL aliquots of solution were transferred to eight borosilicate 
glass tubes and flame sealed following the general procedure described above. The tube was heated 
at 120 °C for 24 h yielding a yellow solid in a yellow solution. After the tube was cooled to room 
temperature and the solids were separated by filtration, and rinsed three times with DMF and 
CHCl3. The yellow powder was immersed in CHCl3 and stored 3 d in a desiccator, replacing the 
solvent six times during this period. The solvent was removed by decantation and the solvent wet 
powder was dried under dynamic vacuum (10 mTorr) for 24 h at room temperature. The yellow 
solid was stored under N2 in a desiccator. Yield: 0.085 g [84 % based on Zr6O4(OH)4(C8H5NO4)6]. 
FTIR (ATR, cm-1) 668.0, 707.5, 735.5, 744.0, 789.5, 825.5, 889.0, 1020.5, 1101.0, 1109.5, 1163.0, 
1264.0, 1329.5, 1395.5, 1426.0, 1507.5, 1591.0, 1666.0, 3372.0. 
MIL-125. Terephthalic acid (0.500 g, 3.012 mmol) was placed in a Teflon Parr reactor 
acid digestion sleeve and dissolved in anhydrous DMF (9.00 mL). Anhydrous MeOH (0.63 mL) 
was added to the reactor, followed by Ti(OiPr)4 (0.213 mL, 0.704 mmol). A stir bar was added and 
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the mixture was allowed to stir for 30 min at room temperature. The Teflon sleeve was then placed 
in the stainless-steel reactor vessel and sealed. The sealed reaction tube heated in a 150 ºC 
isothermal oven for 20 hours. Upon removal from the oven, the tube was cooled to room 
temperature and the solids were separated by filtration and rinsed with DMF (~200 mL) and then 
rinsed three times with MeOH (~200 mL). The obtained white powder was immersed in 
chloroform and stored 3 days in a desiccator, replacing the exchange solvent eight times during 
this time. The solvent was removed by decantation and the solvent wet powder was dried under 
dynamic vacuum (10 mTorr) 24 h at room temperature. The white solid was stored under nitrogen 
in a desiccator. Yield: 0.125 g [94 % yield based on Ti8O12(C8H4O4)6]. FTIR (ATR, cm
-1) 737.5, 
751.5, 777.0, 948.0, 1018.5, 1160.5, 1386.5,1507.5, 1539.0, 1586.0, 1710.5, 3391.0 
MIL-125-NH2 (borosilicate glass vessel method). The synthesis was modified from Fu 
et al. 25 2-amino-terephthalic acid (0.540 g, 2.98 mmol) was placed in a 20 mL disposable 
scintillation vial with anhydrous DMF (6.5 mL) and mixed thoroughly by immersing the vial in 
an ultra sonic bath for 1 min. The mixture was separated in equal proportions into two borosilicate 
glass tubes (see ESI for general method of solvothermal synthesis in flame sealed glass tubes). 
Ti(OiPr)4 (0.110 mL, 0.375 mmol), followed by anhydrous MeOH (0.36 mL) were added to the 
tubes. Immediately after, the tubes were then flash frozen in liquid N2 and flame sealed. The sealed 
reaction tubes were heated in an isothermal oven at 150 ºC for 24 h. Upon removal from the oven, 
the tubes were cooled to room temperature, the solids were separated by filtration and rinsed with 
DMF (3x) and CHCl3 (3x). The yellow powder was immersed in CHCl3 and stored 3 d in a 
desiccator, replacing the solvent during this time (8x). The solvent was removed by decantation 
and the solvent-wet powder was dried under dynamic vacuum (10 mTorr) for 48 h at room 
temperature. The degassed yellow solid was stored under N2 in a desiccator. Yield: 0.102 g [66% 
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yield based on Ti8O12(C8H5NO4)6]. FTIR (ATR, cm
-1) 773.0, 1168.0, 1262.5, 1344.5, 1390.0, 
1431.0, 1441.5, 1500.5, 1539.5, 1578.0, 1629.0, 3389.5. 
MIL-125-NH2 (PTFE vessel method). The synthesis was modified from Fu et al. 25 2-
amino-terephthalic acid (0.560 g, 3.10 mmol) was placed in a in a 20 mL disposable scintillation 
vial with anhydrous DMF (6 mL) and anhydrous MeOH (1.0 mL) and mixed thoroughly with aid 
of ultra sonic bath for 1 min. The mixture was transferred to a PTFE-lined steel autoclave (Parr). 
Ti(OiPr)4 (0.220 mL, 0.750 mmol) was added, the autoclave was tightly capped and heated to 150 
ºC in an isothermal oven for 24 h. Upon removal from the oven, the autoclave was cooled to room 
temperature and the solids were separated by filtration, and rinsed with DMF (3x) and CHCl3 (3x). 
The yellow powder was immersed in CHCl3 and stored 3 d in a desiccator, replacing the solvent 
during this time (8x). The solvent was removed by decantation and the solvent wet powder was 
dried under dynamic vacuum (10 mTorr) for 24 h at room temperature. The degassed yellow solid 
was stored under N2 in a desiccator. Yield: 0.088 g [57% yield based on Ti8O12(C8H5NO4)6]. FTIR 
(ATR, cm-1) 773.0, 1168.0, 1262.5, 1344.5, 1390.0, 1431.0, 1441.5, 1500.5, 1539.5, 1578.0, 
1629.0, 3389.5. 
Representative protocol for the photocatalyzed oxidation of 1. Compound 1 (20 mg, 
0.138 mmol), MIL-125-NH2 (3 mg, 0.014 mmol) were loaded in a 4 mL glass vial with a magnetic 
stirrer, suspended in 1.0 mL of anhydrous MeCN (previously bubbled with O2(g) for 20 minutes), 
and capped with a PTFE septum-cap. The vial was then placed in the photoreactor with a O2(g)-
filled balloon for positive O2(g) pressure, and irradiated at 300 W with stirring for 24 h. The 
temperature was kept constant below 30 ºC with the aid of a cooling fan. After irradiation, the 
mixture was filtered through a 0.2 µm nylon syringe membrane (EMD Millipore), rinsed with 
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CHCl3, and the obtained filtrate was concentrated in a rotary evaporator obtaining a pale oil. 
1H 
NMR analysis resulted in a mixture of product 2 and starting material 1. Yield: 19 mg (70% yield 




     1         2 
 
Compound 2: 14 mg (70% yield based on recovered starting material) 1H NMR 
(400 MHz, CDCl3) δ = 5.16 - 5.07 (m, 2H), 4.47-4.35 (m, 2H), 4.04 (d, J = 12.1 Hz, 1H), 1.82 - 
1.76 (m, 3H). 13C NMR (100 MHz, CDCl3) δ = 160.79 , 139.13 , 117.17 , 65.73 , 65.01 , 17.07 . 
HRMS (ESI) m/z calculated for C6H11NO3 [M+H]
















300 W Xe lamp
24 h
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Compound 4: 15 mg (98% yield based on recovered starting material) 1H NMR 
(CDCl3, 400 MHz): δ = 5.81 (ddd, J = 17.1, 10.2, 7.8 Hz, 1H), 5.55 - 5.38 (m, 2H), 4.43 (dd, J = 
8.5, 8.0 Hz, 1H), 4.35 (dtt, J = 9.4, 7.9, 0.7 Hz, 1H), 3.99 (dd, J = 9.1, 8.6 Hz, 1H). 13C NMR 
(CDCl3, 100 MHz): δ =160.53 , 132.43 , 122.46 , 66.42 , 62.96 . HRMS (ESI-TOF) m/z calculated 
for C5H8NO3 [M+H]
+: 130.0504, found 130.0482. 
 
Compound 6: 27 mg (80% yield based on recovered starting material) 1H NMR 
(CDCl3, 400 MHz): δ = 5.82 (ddd, J = 17.1, 10.3, 6.0 Hz, 1H), 5.46 - 5.28 (m, 2H), 4.33 (q, J = 
5.9 Hz, 1H), 4.28 - 4.14 (m, 2H), 2.31 (dddd, J = 13.6, 8.5, 6.5, 4.8 Hz, 1H), 2.02 - 1.90 (m, 1H). 
13C NMR (CDCl3, 100 MHz): δ = 154.93 , 135.10 , 118.48 , 63.77 , 60.58 , 28.54 . HRMS (ESI) 
m/z calculated for C6H10NO3 [M+H]
+: 144.0661, found 144.0631. 
 
Compound 8a: 6.9 mg (95% yield based on recovered starting material) 1H NMR 
(400 MHz, CDCl3) δ 5.79 (ddd, J = 16.6, 10.7, 8.6 Hz, 1H), 5.54 – 5.37 (m, 2H), 4.77 – 4.61 (m, 












130.22, 123.08, 73.45, 66.04, 16.16. HRMS (ESI) m/z calculated for C6H11NO3 [M+H]
+: 
144.0661, found 144.0628. 
 
Compound 8b: 3.4 mg (95% yield based on recovered starting material) 1H NMR 
(400 MHz, CDCl3) δ 5.77 (ddd, J = 17.1, 10.2, 8.0 Hz, 1H), 5.54 – 5.40 (m, 2H), 4.22 (dq, J = 9.4, 
6.2 Hz, 1H), 3.87 – 3.80 (m, 1H), 1.45 (d, J = 6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 132.49, 
122.86, 74.88, 70.71, 29.86, 17.82, 1.17, (there is an expected but unobserved resonance at ca. 160 
ppm). HRMS (ESI) m/z calculated for C6H11NO3 [M+H]
+: 144.0661, found 146.0627. 
 
Compounds 10a,b: 12% conversion observed as a mix of 
diasteromers.  
 
2.2.5 Kinetic measurements 
The kinetics of the photochemical reactions were performed in triplicate. Compound 1 (20 
mg, 0.138 mmol), dry mesitylene (14 µL, 12 mg, 0.102 mmol), and MIL-125-NH2 (3 mg, 0.014 
mmol) were loaded in a 4 mL glass vial with a magnetic stirrer. The mixture was dissolved in 1.0 














while stirred in the dark for 20 min. The vial was then placed in the photoreactor with an O2(g)-
filled balloon for positive O2(g) pressure, and irradiated at 300 W with stirring. The temperature 
was kept below 30 ºC with the aid of a cooling fan. At each time interval, a 20 µL aliquot of 
reaction suspension was sampled, and diluted with 500 μL of CDCl3 and filtered through a 0.2 μm 
PTFE filter membrane (EMD Millipore) into an NMR tube. Samples were obtained at times 0, 1, 
2, 4, 6, 8, 10, 12, 24 and 36 h. After NMR data collection, the intensity of the mesitylene peak was 
normalized to 100, thus the intensities of the α-ether methylene proton signal in compound 1 (δ = 
4.55 ppm) and terminal alkene proton signals in compound 2 (δ = 4.38 ppm) correspond to their 
concentration in mmol L-1. 
2.2.6 Photochemical Quantum Yields 
The photochemical quantum yields (Φrxn) were determined using the decomposition of p-
cresol by TiO2 (Degussa P25) in deuterium oxide as standard (Φp-cresol = 0.22 ± 0.04). According 
to the IUPAC protocol by Serpone et al. 27 the photo-chemical quantum yield of a hetereogeneous 
reaction is defined as: 
                                                   (2-1) 
Where Φλ is the photochemical quantum yield at a given wavelength λ, Rin is the initial rate of 
the photochemical reaction, and Ro,λ is the incident photon flow  reaching the reactor at a given 






            (2-2) 
Where Rin(reaction) is the initial rate of the reaction expressed as substrate consumption and 
Rin(standard) is the initial rate of the decomposition of p-cresol and Φstd is the photochemical 
quantum yield of the standard reaction.  
p-cresol/TiO2 standard reaction. The initial rate of the decomposition of p-cresol by TiO2 
was performed in triplicate. In a 4.0 mL vial equipped with a PTFE stirring bar, p-cresol (38.8 μL, 
40 mg, 0.37 mmol) were suspended in 2.0 mL of D2O (for a 185 mM concentration), then 20 μL 
of 0.10 M DCl in D2O were added (to a pD = 3), followed by the addition of Aeroxide P25 TiO2 
(Evonik Degussa, 4.0 mg, 0.05 mmol). The vial was left uncapped and the suspension was stirred 
in the dark for 5 minutes to allow p-cresol/TiO2 adsorption and O2(g) water/air equilibrium. In 
parallel, a 92.5 mmol L-1 solution of dioxane in D2O was prepared as a standard to calculate the 
concentration of p-cresol. Anhydrous dioxane (17.1 μL, 16.3 mg 0.185 mmol) was dissolved in 
2.0 mL of D2O. At each time point of the photocatalytic degradation of p-cresol, 40 μL of the 
reaction suspension were transferred to a test tube, followed by adding 20 μL of the dioxane 
standard, the mixture was diluted with 500 μL of D2O and filtered through a 0.2 μm PTFE filter 
membrane (EMD Millipore) into an NMR tube. We added dioxane solution as post-reaction 
standard due to photodegradation of dioxane by TiO2. After NMR data collection, the intensity of 
the dioxane peak was normalized to 185, thus the intensity of the aromatic peaks would correspond 
to the concentration of p-cresol. Similarly, the intensity of the methyl peak was multiplied by a 2/3 
factor. The intensity of all peaks was averaged for each time point, resulting in the p-cresol 






2.3 Results and Discussion 
We prepared a library of known MOFs (Figure 2-2) with non-noble elements and simple 
organic linkages, which are chemically and photochemically stable and will not dissolve, 
decompose, or collapse under the reaction conditions. The prepared MOFs are: HKUST-1 
(HKUST = Hong Kong University of Science and Technology), MIL-53, UiO-66 and MIL-125. 
HKUST-1 is constructed with 1,3,5-benzene-tricarboxylate organic linker and copper (II) as the 
metal center.28 This MOF was selected because its wide use as ground state catalyst,29-30 and 
literature precedents of copper (II) mediated oxidation of N-hydroxy-carbamates.25 MIL-53, UiO-
66 and MIL-125 are constructed with terephthalate as linker and Al+3, Zr+4 and Ti+4 as the metal 
centers, respectively. Additionally, we prepared MIL-53-NH2, UiO-66-NH2, and MIL-125-NH2, 
which are isoreticular to the previous three, but with 2-amino-terephthalate as the organic linker. 
The absorption spectrum of MOFs that are functionalized with 2-amino- terephthalate have been 
shown to exhibit a red shift with respect to the non-functionalized counterparts.31 Such 
spectroscopic shift has been attributed to smaller bandgaps.32 Moreover, these materials have 
demonstrated to have higher photocatalytic activities, e.g. in the oxidation of benzyl alcohols.31  
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Figure 2-2; Organic linkers, metal ions, and compositions (A), and crystal structures (B) of the MOFs 
utilized in this study. Spheres: gray = carbon, red = oxygen. Polyhedra: blue = Cu(II), light blue = Al(III), 
pink = Zr(IV), purple = Ti(IV). Hydrogen and nitrogen are not shown for clarity. Yellow sphere is 






Table 2-1: Photooxidation of 1 with MOFs photocatalysts.a Conditionsa: 0.15 M of 1 in CH3CN 
with O2 (sat.), 300 W Xe-lamp (λ > 305 or 385 nm) or 60 W blue LED (λ = 470 nm), 24 h, 25 ºC. 
Conversion determined by 1H NMR. bEntry 10 after re-subjection with fresh MOF and the same 
conditions. cAfter 96 h. 
Entry MOF Illumination Gas Conversion (%) 
1 none λ > 305 nm O2 0 
2 HKUST-1 dark O2 0 
3 HKUST-1 λ > 305 nm O2 6 
4 MIL-53 λ > 305 nm O2 13 
5 UiO-66 λ > 305 nm O2 3 
6 MIL-125 λ > 305 nm O2 3 
7 MIL-53-NH2 λ > 305 nm O2 16 
8 UiO-66-NH2 λ > 305 nm O2 26 
9 MIL-125-NH2 λ > 305 nm O2 38 
10 MIL-125-NH2 λ > 305 nm O2 50b 
11 MIL-125-NH2 dark O2 0 
12 MIL-125-NH2 λ > 305 nm Ar 14 
13 MIL-125-NH2 λ > 385 nm O2 54c 
14 UiO-66-NH2 λ > 385 nm O2 43c 




We surveyed the photocatalytic activity of the prepared MOFs towards the oxidation of 1 
using a Xe lamp (Newport) with UV-visible (λ > 305 nm), visible light (λ > 385 nm), and with 
blue LED light (λ = 470 nm).  Our experimental protocol allows for easy removal of the catalyst 
by filtration, followed by solvent evaporation. No further purification is required. In contrast; 
traditional methods in homogeneous catalysis require expensive column chromatography and have 
poor catalyst recovery. As shown in Table 1, irradiation of 1 with λ > 305 nm in CH3CN with O2 
for 24 h (control), resulted in zero conversion to 2 (Table 1, entry 1), thus the reaction does not 
occur in the absence of photoredox catalysts. Adding catalytic amounts of HKUST-1 (10 mol% 
based on the metal) under similar conditions, resulted in zero conversion to oxazolidinone 2 when 
the reaction was performed in the dark (entry 2) and only a trace amount of 2 was formed with λ 
> 305 nm (entry 3); therefore, the copper (II) embedded in the MOF is unable to interact with the 
N-hydroxy-carbamate; a major difference from Cu mediated oxidations.32 When using MOFs with 
non-functionalized terephthalate, MIL-53, UiO-66 and MIL-125, only small amounts of 2 were 
observed (entries 4-6).  However, by using the 2-amino-terephthalate isoreticular MOFs, a 
significant jump in conversion to 16%, 28% and 38%, was observed for MIL-53-NH2, UiO-66-
NH2 and MIL-125-NH2 (entries 7-9). These higher conversions with respect to the non-
functionalized MOFs are consistent with the broader red-shifted trend in the photoabsorption.25 
Upon replenishing a new batch of MIL-125-NH2 to the crude reaction mixture, improved 
conversion up to 50% was observed (entry 10), suggesting a limited catalyst lifetime. Performing 
the reaction with MIL-125-NH2 in the dark (control) resulted in no conversion (entry 11).  
Replacing oxygen from the reaction with argon (entry 12), a significant decrease in conversion 
was also observed, evidencing the need of an electron sink to regenerate the catalyst. This 
observation is consistent with other studies that have shown that CO2 can also be used as an 
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electron acceptor.33 The use of UV-visible light (λ > 305 nm) for periods of time longer than 24 h 
resulted in the appearance of other byproducts, most probably from the photoinduced 
decomposition alkenes in 1 and 2, from the presence of highly reactive oxidizing species (see 
below). The damaging effect of the UV light was alleviated by utilizing visible (λ > 385 nm), and 
blue light (LED, λ = 470 nm). In this case, similar conversions for both UiO-66-NH2 and MIL-
125-NH2 were obtained but only after 96 h: 54 and 43%, with visible light for MIL-125-NH2 and 
UiO-66-NH2, respectively, and 24% with blue LED light for MIL-125-NH2, light with energy 
slightly above the bandgap of MIL-125-NH2 (Eg = 475 nm).
31 Only starting material and product 
were obtained, and little or no decomposition byproducts were observed when utilizing visible 
light, indicating a clean, and byproduct free reaction. 
The scope of the reaction was explored with the conditions that provided higher conversions in 
shorter times (Table 1 entry 9), and the results are summarized in Table 2. A variety of substrates 
were tested, including 1 and substrates with varying tether sizes and side chains. The 
photooxidation of 1 (entry 1) produces 2 in 38% conversion and 70% isolated yield, which was 
calculated based on recovered starting material. Compound 3 (entry 2), which contains a less 
reactive alkene, can be transformed to the corresponding oxazolidinone 4 in similar conversion 
and yield. Increasing the ring size or steric hindrance around the carbamate (entries 3-5), results in 
significant lower conversion (25% for 6-member ring, 20% and 12% for secondary carbamates).   
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Table 2-2: Substrate scope for the photooxidation of N-hydroxy-carbamates using MIL-125-NH2. 
aConditions: 0.15 M of N-hydroxy-carbamate in CH3CN with O2 (sat.), 10% mol MIL-125-NH2, 300 W 
Xe-lamp (λ > 305 nm), 24 h, 25 ºC. b Yields are based on recovered starting material, conversion was 












































































For substrates 7 and 9, the nitroso-ene reaction produced a pair of diasteromers and a 2:1 dr was 
observed for both reactions, which corresponds to the substrate-induced diasteromer ratio observed 
in solution.25-26 Given that increasing the molecular size of substrates results in lower conversions, 
and that the MOF does not induce any particular diasteroselectivity beyond the observed in 
solution, we suspect that the photocatalytic reaction is not occurring inside the cavities of the MOF, 
and probably only occurring at or near the surface of solid catalyst particles. 
We prepared samples of MIL-125-NH2 under different synthetic conditions to probe the 
effect of the macroscopic particle size and texture,34 and to provide more evidence to our 
hypothesis of the catalytic reaction occurring at the MOF particle surface. We observed major 
differences in the photocatalytic efficiency when MIL-125-NH2 was prepared in borosilicate glass 
tubes or in poly-tetrafluoroethylene (PTFE) vessels. MOF samples that were synthesized in glass 
tubes yielded the reported conversions of 38 ± 4%; however, MIL-125-NH2 prepared in PTFE 
vessels observed much lower conversions for the photooxidation of 1 (8.3 ± 0.8%). Scanning 
electron microcopy imaging of both samples (Figures A8-A11) revealed qualitative differences in 
the sample particle sizes and morphologies. MOF synthesized in glass tubes yielded much smaller 
and less agglomerated particles than samples prepared in PTFE vessels. PXRD patterns of the 
MOF prepared under the different reaction vessels revealed no significant difference (Figure 2-3), 
thus it is very likely that the catalysis occurs at the MOF particle-solvent interphase. 
To understand the observed trends in conversion and diasteroselectivity, we performed 
reaction kinetics study and heterogeneous quantum yield determination. We obtained the 
concentration of 1 and 2 at different time points using the MOFs with the highest conversions: 
MIL-125-NH2 and UiO-66-NH2 (in triplicate), with λ > 305 nm in CD3CN. Figure 2-4A displays 
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the observed 1H NMR spectra over a 36 h kinetic study using MIL-125-NH2. The indicated 
hydrogen signals in 1 and 2 were used to calculate concentrations using mesitylene as internal 
standard.35 These traces indicate the progressive disappearance of 1 with the respective appearance 
of 2. The concentration vs. time plots for both MOFs (Figure 2-4B) exhibit a zero-order rate law 
up to 8 h with rate constants of -32.9 ± 4.4 μmol L-1 min-1 and -40.0 ± 4.2 μmol L-1 min-1, 
respectively for the consumption of 1. Very similar rate constants (32.9 ± 2.9 μmol L-1 min-1 and 
23.2 ± 1.7 μmol L-1 min-1) are obtained for the appearance of 2 from MIL-125-NH2 and UiO-66-
NH2, respectively. The similar rate constants for the consumption of 1 and appearance of 2 imply 
a clean MOF catalyzed oxidation and nitroso-ene cascade. Typical heterogeneous reactions exhibit 
pseudo zero-order rate laws in concentrated conditions,36 confirming that it is likely the 
photooxidation of the N-hydroxy-carbamate and the nitroso-ene additions occurs at the surface of 
the MOF particles; rather than inside the pores of the MOF. The turnover numbers and frequencies 
of the MOF catalysts could be obtained as a function of the number of moles of 2 produced per 
mole of catalyst used with respect to the metal ion in the MOF, resulting in turnover numbers 
around 1000 after 8 h, and turnover frequencies of 2.35 ± 0.20 min-1 and 1.66 ± 0.12 min-1, 








Figure 2-3: PXRD of MIL-125-NH2 as synthesized from both glass and PTFE vessel methods. Peaks are 
indexed and compared to simulated pattern from single crystal data. 
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Figure 2-4: A 1H NMR traces of the photooxidation of 1 vs. time using MIL-125-NH2 (λ > 305 nm). The 
hydrogen signals used for quantification are indicated for 1 and 2 (other signals not indicated for clarity). 
B. Kinetic plots for the consumption of 1 (left) and the appearance of 2 (right) using MIL-125-NH2 
(green) and UiO-66-NH2 (blue) up to 8 h. The turnover numbers of the catalysts are shown with respect to 
the appearance of 2 (far right). Data points are the average of three measurements and error bars 
correspond to one standard deviation. Mesitylene was used as internal standard. 
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The efficiency of the photocatalysis was determined measuring the photochemical 
quantum yield by heterogeneous actinometry. The heterogeneous photochemical quantum yield of 
our reaction (Φrxn) was obtained by following the IUPAC protocol developed by Serpone et al.,27 
which assumes a pseudo homogeneous treatment of the quantum yield, defined as the rate of 
chemical events per rate of photons absorbed by the catalyst. Using a standard heterogeneous 
chemical reaction with known quantum yield Φstd, the photochemical quantum yield can be 
evaluated by: 
                        (2-2) 
where Rin(rxn) and Rin(std) correspond to the initial rate of starting material consumption of the 
reaction of interest, and that of a standard reaction, respectively. This method of quantum yield 
determination is recommended in order to account for the scattering effects of the solid catalysts 
and the effects of reactor geometry. By using the photochemical decomposition of p-cresol in water 
by TiO2 (P25) (Figure 2-5) as standard (Φstd = 0.22 ±0.04, λ = 325 nm), we determined its initial 
rate of decomposition (Table 2-3, entry 1) and thus the quantum yields of the photooxidation of 1 
by MIL-125-NH2 and UiO-66-NH2 (entries 2, 3). These observed yields suggest that MOFs with 
proper molecular designs can produce better photoredox catalysts. If the chemical reaction occurs 
within the MOF cavity, but not at the surface of the crystallite, the reaction kinetics and quantum 
yield will have a strong correlation with temperature, since higher temperature will facilitate the 
mass transport inside the MOF pore by allowing faster diffusion of starting materials and products. 
Reaction kinetics studies performed at 50 and 60 ºC yielded increased zero-order rate constants. 






an observed bulk activation energy of Ea = 8.23 kJ mol
-1. This value is in agreement with the 
activation energy of photocatalytic reactions (typically <10 kJ mol-1), which is related to the 
diffusion of the solvent. This temperature dependence is consistent with the photoredox process as 
the limiting step,37 which is also encountered in non-porous heterogeneous catalysts, such as TiO2. 
We further explored the nature of the photogenerated reactive species that appear during 
irradiation and are responsible for the oxidation of the N-hydroxy-carbamate. For this purpose we 
added to reaction mixtures an excess amount (10 eq. and λ > 305 nm) of chemical scavengers that 
are known to quench specific reactive species.38 If a targeted reactive species is generated, it will 
be immediately quenched by the additive and it will be unable to promote the oxidation of 1 to 1a, 
thus the conversion to 2 will be significantly reduced. It has been shown by others,15,39 that the 
photoirradiation of MIL-125-NH2 produces a charge-separated excited state where the positive 
“hole” is localized in the aromatic organic ligand and is highly oxidant, and the “electron” is 
localized in a Ti ion of the metal-oxide cluster and is responsible for the reduction of molecular 
O2 to superoxide. This “hole” can be quenched by the oxalate anion, and the TiIII “electron” can 
be quenched with persulfate. Adding ammonium oxalate, and potassium persulfate indeed reduces 
the conversion from 36.7 ± 3.9% to 17.7 ± 3.1% and 13.3 ± 0.6% respectively (Figure 2-6), 
confirming the presence of these species. Superoxide anion can be quenched by benzoquinone and 
derivatives; however, benzoquinones can react with nitroso compounds,40 so we were unable to 
observe superoxide quenching by chemical means. Nonetheless, the superoxide anion has been 
observed in photoirradiated UiO-6641 and MIL-125,15 so we believe that superoxide is also 







Figure 2-5: Kinetic plot of the standard photodecomposition of p-cresol by TiO2. Each point corresponds 










Table 2-3: Photochemical quantum yields. aStandard reaction: Decomposition of p-cresol in 
DCl/D2O (pD = 3.0) with TiO2 (P25) with O2 and 300 W Xe-lamp (λ > 305 nm) at 25 ºC. More 
details in the ESI.24 
Entry Catalyst 
Rin 
(μmol L-1 min-1) Φrxn 
1a TiO2 (P25) -239 ± 19 0.22 ±0.04 
2 MIL-125-NH2 -32.9 ± 4.4 0.030± 0.007 











Figure 2-6: Chemical quenching of photogenerated reactive species in MIL-125-NH2. Same conditions as 
in Table 2 Entry 1 (blue traces) plus 10 equivalents of the respective quencher (oxalate = (NH4)2C2O4, 
persulfate = K2S2O8, azide = NaN3). Reactions at λ > 385 nm (orange traces) were run for 48 h. All 




Performing the reaction under argon also reduces the conversion to 2, suggesting that reduced 
oxygen also participates in the oxidation. Other possible reactive species that can appear are the 
highly reactive singlet oxygen and hydroxyl radical, which can be quenched by N3
- and tert-
butanol, respectively. Adding excess of sodium azide results in no change in conversion (40.0 ± 
7.1%) with respect to the unquenched reaction; therefore, no singlet oxygen is photogenerated. 
When adding tert-butanol as quencher of the hydroxyl radical, we observed significant quenching 
of the reaction to 16.0 ± 3.4%, so this species also is generated during photoirradiation, and it is 
perhaps the species responsible for 48 h (29.5 ± 0.4%). This wavelength dependent hydroxyl 
radical formation is also consistent with the observed photostability of the reaction mixture when 
the catalysis is performed at λ > 385 nm; furthermore, it is also possible that the hydroxyl radical 
generated UV- for the degradation of 1 and 2 after a long irradiation time. To assess this 
observation, we performed hydroxyl radical quenching with visible light only (λ > 385 nm) and 
we did not observe changes in conversion (29.3 ± 4.2%) with respect to the unquenched reaction 
after irradiating visible light is responsible for the degradation of the 2-amino-terephthalate in 
MIL-125-NH2 photocatalyst.  
The structural integrity of the MOFs was determined by powder X-ray diffraction patterns after 
their removal from the reaction mixtures, and display no change in the diffraction patterns in the 
case of MIL-125-NH2, UiO-66-NH2, and HKUST-1 (Figures A5-A7). Furthermore, 1H NMR 
spectra of crude filtered mixture do not exhibit peaks from the organic linkers. We also observed 
that reutilizing MIL-125-NH2 resulted in decreased conversions, from 30% to 18% to 7% in 
successive recycling of the same photocatalyst sample. PXRD analysis resulted in no structural 
change. Moreover, samples of the exhausted catalyst with UV-visible light digested in NaOD 0.1 
M in D2O (Figure 2-7), exhibited 
1H NMR signals that correspond to those of the pure ligand and 
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the pristine MOF. Recycling MIL-125-NH2 ten times resulted in the loss of the molecular structure 
of the 2-amino-terephtalate as well as the diffraction pattern of the MOF. Performing 
photocatalysis reactions under aerobic conditions it is possible for the –NH2 group to oxidize to –
NO2; however, the 
1H NMR of 2-nitro-terephthalate in NaOD 0.1 M in D2O (Figure 2-7), does not 
relate to the digested exhausted MOF. We suspect that the observed hydroxyl radical participates 
in the oxidation of the organic linker. 
2.4 Conclusion 
In summary, we have studied the photoredox activity of chemically stable earth-abundant 
MOFs towards the oxidation of nitroso intermediates for the subsequent ene reaction for the 
synthesis of oxazolidinones. We determined that simple MOFs such as MIL-125-NH2 and UiO-
66-NH2, are able to catalyze the photooxidation in decent conversion, quantum yield and good 
isolated yields. The oxidation is likely to occur at the surface of the MOF and be very sensitive to 
steric factors and it is sensitive to the catalysts method of synthesis, probably due to particle size 
and morphology. The recovery of the photocatalysts is relatively simple; however, the recycled 
MOF only showed marginal activity. This loss of activity may be related to the chemical stability 
of the MOF under oxidation conditions and UV light. Study of the photogenerated reactive species 
revealed the presence of holes, superoxide ion, and hydroxyl radical as oxidant species, with 
generation of hydroxyl radical that is wavelength dependent. Future optimizations in catalyst 





Figure 2-7: 1H NMR spectra of 2-amino-terephtalate, samples of MIL-125-NH2 at different catalyst stages 
(λ > 305 nm), and 2-nitro-terephthalate in NaOD 0.1 M/D2O (400 MHz, 25 ºC). Stars indicate signals that 
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CHAPTER 3: SYSTEMATIC VARIATION OF THE OPTICAL BANDGAP 
IN TITANIUM BASED ISORETICULAR METAL-ORGANIC 
FRAMEWORKS FOR PHOTOCATALYTIC REDUCTION OF CO2 
UNDER BLUE LIGHT 
3.1 Introduction 
The accumulation of carbon dioxide in the atmosphere as a result of human activity is one 
of the largest contributing factors in the gradual warming of the Earth.1 Our planet has a natural 
system of negative feedback processes to balance these accumulations, primarily by carbon 
fixation through photosynthesis. However, the amount of carbon dioxide already in the atmosphere 
is far too large for natural photosynthesis to reduce its accumulation in the short term. Therefore, 
it is urgent that technologies be developed that are capable of fixating large quantities of CO2 into 
organic matter, which are both energetically efficient and capable of creating a usable feedstock 
of reduced carbon (so-called solar fuel).2-6 These new technologies require the use of a naturally 
abundant and sustainable source of energy. Early transition metal oxides, in particular titanium 
oxides, are capable of reducing CO2 when excited by UV light.
7 Using sunlight to reduce CO2 
directly would be ideal; however, the majority of the suns rays are in the visible-IR range,8 which 
is too low energy to induce photoreduction with these materials, limiting their applicability on 
environmentally relevant scales. Thus, materials that are able to reduce CO2 with the use of visible 
light are an imminent and currently unfulfilled need.  
Metal-organic frameworks (MOFs)9 are a class of porous materials composed of metal-oxide 
clusters connected through organic links forming highly crystalline open structures that offer a 
promising alternative to metal-oxide semiconductor photocatalysis. Research in the design and 
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synthesis of new MOFs (reticular chemistry10) has allowed for the creation of functional materials 
with unprecedented high porosity (surface areas up to 10 000 m2 g-1)11 and exceptional chemical 
and thermal stability, with applications in gas storage,12 gas separation,13-14 heterogeneous 
catalysis,15-16 payload release,17 and sensing,18 among others. MOFs are materials with 
extraordinary chemical and functional versatility, because both the organic and inorganic 
components can be systematically varied towards targeted applications in a systematic      
manner.19-20 
Titanium based MOFs in particular, combine the photocatalytic activity of titanium oxide 
clusters with the light absorption properties of organic linkers, producing materials that can be 
photocatalytically active under UV-visible light.21-28 These catalytic reactions are facilitated 
through either oxidative,21, 29-30 or reductive31-33 photoinduced electron transfer within the Ti-MOF 
under irradiation. MIL-125-NH2 (MIL = Materials Institut Lavoisier) is a titanium-based MOF 
constructed from 2-aminoterephthalate and a Ti8O12 ring-shaped cluster (Figure 3-1) that has 
shown activity towards photocatalytic reduction of carbon dioxide.34 The biggest challenge in 
increasing and optimizing this activity for operating in the visible range relies on tuning the 
bandgap (or HOMO-LUMO gap) of this material (Eg = 2.56 eV). De Miguel et al. established that 
photo irradiation of MIL-125-NH2 with UV-visible light produces a long-lived charge-separated 
state whose lifetime is directly related to photocatalytic activity.35 Moreover, it has been 
demonstrated through high-level DFT calculations that this charge-separated excited state is 
accessible due to the difference in electronic distribution of the frontier bands/orbitals.36-39 Hendon 
et al. propose that in this particular MOF, the top of the valence band—or HOMO—is localized 
in the aromatic ring of the 2-aminoterephthatalate, and the bottom of the conduction band—or 
LUMO—is localized in the d-states of the titanium ions favoring charge separation upon 
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photoexcitation.36  They also propose that a strategy to decrease the bandgap of this MOF (and thus 
redshifting the absorption more into the visible range) is by destabilizing the valence band by 
increasing the electron density in the π-cloud of the terephthalate. It has been previously 
demonstrated that incorporating 2,5-diaminoterephthalate and 2-aminoterephthalate into the MIL-
125 framework effectively decreases the optical bandgap. Other efforts include post synthetic 
modification of MIL-125-NH2 via diazotization of the amine followed by addition of an electron-
rich aniline forming diazo-based groups on the surface of the MOF particles, which exhibit 
enhanced photooxidation of benzyl alcohols.29 
Here, we report the synthesis of a family of titanium MOFs isoreticular to MIL-125-NH2, 
where the amine functionality is decorated with alkyl chains of varying length and connectivity, 
i.e., methyl, ethyl, isopropyl, n-butyl, cyclopentyl, cyclohexyl, and n-heptyl (Figure 3-1). Our 
rationale for this functionalization strategy relies on the hypothesis that sequential addition of 
carbon atoms in the N-alkyl amino group will result in increased electron density in the 
terephthalate ring as a consequence of subtle inductive effects. These are well-known electronic 
effects that result from the polarization of a chemical species through σ-bonds due to differences 
in electronegativity between a heteroatom (in this case nitrogen) and the carbon atoms in the alkyl 
chains. Moreover, these effects should be more evident in secondary and tertiary alkyls.40 Thus, 
increasing the number of σ-bonds in the chain should result in larger electron density around the 
nitrogen atom in 2-aminoterephthalate, causing an increased density in the aromatic ring, and 
therefore destabilizing the top of the valence band. By successively destabilizing the valence band 
in small steps, the bandgap of the MOFs should decrease, and higher photocatalytic activity can 
be achieved under visible light irradiation. 
93 
 
Figure 3-1: Top: Crystal structure of the parent MOF MIL-125 utilized in this study. Bottom: Molecular 
structure of the organic link in MIL-125-NH2 and the N-substituted isoreticular MOFs prepared in this 
work. Gray spheres = carbon, white = hydrogen, red = oxygen, blue polyhedral = titanium, the yellow 
sphere represents the size of the pore in the MOF. 
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We studied the effect of the N-alkyl substitution on the CO2 adsorption, as well as the 
photophysical and photocatalytic properties of the materials, particularly the absorption onset, and 
excited state lifetimes. These parameters were also studied to understand the photocatalytic activity 
towards reduction of CO2 utilizing visible light only, in the form of blue LEDs.    
3.2 Experimental Section 
All starting materials and solvents, unless otherwise specified, were obtained from 
commercial sources (Aldrich, Fisher, VWR) and used without further purification. All reactions 
were performed at ambient laboratory conditions, and no precautions were taken to exclude 
oxygen or atmospheric moisture unless otherwise specified. Anhydrous N,N-dimethylformamide 
(DMF) and tetrahydrofuran (THF) were purified using a custom-built alumina-column based 
solvent purification system (Inovative Technology). Anhydrous methanol was obtained from 
Aldrich (Sureseal). Mesitylene and hexamethylphosphoramide (HMPA) were dried over activated 
4Å molecular sieves. Deuterated solvents (CDCl3, DMSO, D2O, CD3CN, NaOD 40% in D2O) 
were obtained from Cambridge Isotope Lab. 
3.2.1 Instrumentation 
High-resolution 1H and 13C nuclear magnetic resonance (NMR) spectra were collected 
using Bruker AVANCE-III 400 MHz spectrometer. The chemical shifts are reported relative to 
solvent residual signal. NMR data analysis was preformed using MestReNova (v. 10.0.2). Liquid 
chromatography-mass spectra (LC-MS) were recorded using Agilent 6230 TOF with an Agilent 
Zorbax SB-C18 analytical column. Fourier-transform infrared spectra were performed using a 
Perkin Elmer Spectrum ONE Universal FT-IR ATR. 32 scans were collected for each sample at a 
resolution of 120000 cm-1 from 4000-650 cm-1. Scanning electron microscopy (SEM) was 
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conducted using a JEOL JSM 6480 microscope on low-vacuum with an accelerating voltage of 20 
kV. Sample preparation involved the dispersion of samples upon carbon tape attached to stainless 
steel sample holder.  
Powder X-ray diffraction (PXRD) data was collected using a Rigaku MiniFlex 600 θ-2θ 
diffractometer in Bragg-Brentano geometry with a 300 mm goniometer diameter, Ni-filtered CuKα 
radiation (λ = 1.5418 Å) at 600 W power (40 kV, 15 mA), equipped with a NaI(Tl) SC-70 
scintillation detector, 5.0º incident and receiving Soller slits, a 0.625º divergent slit, a 1.25º 
scattering slit, a 0.3 mm receiving slit and a Ni-CuKβ filter. Samples were analyzed from 3 to 40 
2θ-degrees with 0.02º per step and a scan rate of 0.25 2θ-degrees min-1. Samples were prepared by 
dropping the powder sample in a glass sample holder and pressing the powder with a razor blade 
spatula forming a smooth surface. Crystal models were created using Materials Studio modeling 
suite41 starting from the published crystal of MIL-125 (CCDC code RUPRUQ)21 by adding the 
corresponding N-alkyl chains. Rietveld refinements were performed with the modeled crystals and 
the experimental patterns using GSAS-II (see SI for more details).42 
Gas adsorption isotherm analysis was performed using a Micromeritics ASAP 2020 
surface area and porosimetry analyzer. Measurements were performed at 77 K (liquid N2 bath) for 
N2(g), and at 273, 283 and 298 K (water circulator bath) for CO2(g) on thermally activated samples. 
Brunauer-Emmet-Teller (BET) surface areas were obtained by performing a Rouquerol analysis 
over the linear isotherm to determine the upper limits of the BET model from the N2 isotherms. 
Least squares linear fitting over the BET plot provided the parameter for the volume of the 
monolayer, BET surface area and C-constant were obtained following the recommendation by 
Snurr et al. for determination of the surface area in MOFs.43 Differential enthalpies of CO2 
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adsorption were obtained by fitting the isotherms at the three measured temperatures into a virial 
equation using the Micromeritics data processing software. 
Solid-state absorption spectra were collected at room temperature using an Edinburgh FLS980 
spectrometer with the integrating sphere accessory. Light output from a housed 450 W Xe lamp 
was passed through a single grating (1800 λ mm-1, 250 nm blaze) Czerny-Turner monochromator 
and then into the integrating sphere containing powder MIL-125-NHR sample or scattering 
reference (BaSO4). The output from the integrating sphere was passed through a single grating 
(1800 /mm, 500 nm blaze) Czerny-Turner and finally detected by a peltier-cooled Hamamatsu 
R928 photomultiplier tube. Synchronous spectral scans were performed with both excitation and 
emission monochromators, with zero wavelength offset, stepping through the pre-set spectral 
range. Absorbance was then calculated using Edinburgh’s F900 software package. Tauc plots were 
obtained assuming α(hν) = (Ahν)2. 
Transient Absorption (TA) Measurements: Samples for TA were prepared by suspending 
MIL-125-NHR in ~3.0 mL of MeCN in a 1 cm × 1 cm quartz cuvette (A ≈ 0.2 O.D.). 
Measurements were performed on a spectrometer composed of a Continuum Surelite EX Nd:YAG 
laser combined with a Continuum Horizon OPO (λex = 405 nm, 5-7 ns, operated at 1 Hz, beam 
diameter ~0.5 cm, 5 mJ/pulse) integrated into a commercially available Edinburgh LP980 laser 
flash photolysis spectrometer. White light probe pulses generated by a pulsed 150 W Xe lamp 
were passed through the sample, focused into the monochromator, and then, for full spectrum data, 
were detected by intensified Andor iStar CCD camera. Single wavelength kinetic absorption at 
500 nm were detected by a photomultiplier tube with a 435 nm long pass filter placed before the 
detector to reject unwanted scattered light. Detector outputs were processed using a Tektronix 
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TDS3012C Digital Phosphor Oscilloscope interfaced to a PC.  Single wavelength kinetic data were 
the result of averaging 50 laser shots. Detector outputs were processed using Edinburgh’s L900 
(version 8.2.3, build 0) software package. Time-resolved absorption data were fit with the 
exponential function in equation 1 where τ is the lifetime. 
𝐼 = 𝐼𝑜𝑒
−𝑡/𝜏
                    (3-1) 
3.2.2 Synthesis 
Synthesis of N-alkyl-2-amino-terephthalate dimethyl ester (1a-d, 1g). 2-amino-terepthlate 
dimethyl ester (2.00 g, 9.56 mmol) was suspended in anhydrous DMF (20 mL) and stirred until 
fully dissolved (HMPA was used instead of DMF for 1g). K2CO3 (5.30 g, 38.2 mmol) was added, 
followed by dropwise addition of alkyl iodide (14.3 mmol), and the mixture was stirred for 18 h 
at 100 ºC. The reaction mixture was then cooled to room temperature and quenched with 2 M HCl 
(aq) to a pH = 3. The mixture was extracted with EtOAc (3 × 50 mL), the combined organic 
extracts were washed with brine (3 × 50 mL), dried over anhydrous MgSO4, filtered through celite 
and the solvent was removed using a rotary evaporator. The obtained crude was purified using 
flash chromatography (SiO2, 15% v/v EtOAc:hexanes, dry loading).  
Synthesis of N-cycloalkyl-2-amino-terephthalate dimethyl ester (1e, 1f). Under N2 (g) in a 
25 mL two-neck round bottom flask with a magnetic stir bar, 2-aminoterepthlate dimethyl ester 
(1.00 g, 4.78 mmol) was suspended in anhydrous DMF (3.2 mL) and stirred until fully dissolved. 
TMSCl (1.30 g, 11.95 mmol) and the corresponding cyclic ketone (5.25 mmol) were added to the 
solution and the mixture was cooled to 0 ºC in an ice bath. NaBH4 (0.18 g, 4.78 mmol) was added 
cautiously over 5 min. The mixture was then allowed to warm up to room temperature and 
monitored by TLC until disappearance of starting material. The mixture was quenched with 
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saturated NaHCO3 (aq.) followed by extraction with EtOAc (3 × 10 mL). The combined organic 
fractions were then washed with brine (3 × 10 mL) and dried over MgSO4, filtered through celite 
and the solvent was removed using a rotary evaporator. The obtained crude was purified using 




Compound 1a: Yellow solid, yield 0.89 g (45%). 1H NMR (400 MHz, CDCl3) δ = 7.84 (dd, J = 
8.3, 1.7 Hz, 1H), 7.61 (br,  NH), 7.24 (s, br, 1H), 7.11 (d, J = 8.3 Hz, 1H), 3.85 (s, 3H), 3.79 (s, 
3H), 2.88 (d, J = 5.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ = 168.34, 166.77, 151.48, 134.99, 
131.52, 114.59, 112.87, 111.83, 52.15, 51.58, 29.49. HRMS (ESI-TOF) m/z calculated for 
C6H13NO3 [M+H]











Compound 1b: Yellow solid, yield 0.80 g (40%).  1H NMR (400 MHz, CDCl3) δ = 7.89 (d, J = 8.3 
Hz, 1H), 7.59 (br, NH), 7.29 (d, J = 1.7 Hz, 1H), 7.13 (dd, J = 8.3, 1.6 Hz, 1H), 3.87 (s, 3H), 3.83 
(s, 3H), 3.24 (qd, J = 7.2, 4.9 Hz, 2H), 1.30 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ = 
168.51, 166.97, 150.74, 135.09, 131.68, 114.54, 112.75, 112.41, 52.26, 51.68, 37.51, 14.47. 
HRMS (ESI-TOF) m/z calculated for C6H13NO3 [M+H]
+: 238.1074, found 238.1055. 
 
Compound 1c: Yellow solid, yield 0.67 g (34%).  1H NMR (400 MHz, CDCl3) δ = 7.91 (d, J = 8.3 
Hz, 1H), 7.68 (br, NH), 7.35 (s, 1H), 7.13 (d, J = 8.4 Hz, 1H), 3.89 (s, 3H), 3.84 (s, 3H), 3.79 (m, 
1H), 1.27 (d, J = 6.3 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ = 168.68, 167.04, 150.11, 135.15, 
131.98, 114.32, 112.98, 112.74, 52.35, 51.74, 43.50, 22.86. HRMS (ESI-TOF) m/z calculated for 
C6H13NO3 [M+H]
+: 252.1230, found 252.1226. 
 
Compound 1d: Yellow solid, yield 0.75 g (38%).  1H NMR (400 MHz, CDCl3) δ = 7.87 (d, J = 8.4 
Hz, 1H), 7.67 (br, NH), 7.29 (s, 1H), 7.12 (d, J = 8.2 Hz, 1H), 3.87(s, 3H), 3.83 (s, 3H), 3.23-3.17 










CDCl3) δ = 168.55, 166.92, 150.91, 135.08, 131.70, 114.47, 112.69, 112.44, 52.24, 51.66, 42.62, 
31.22, 20.36, 13.87. HRMS (ESI-TOF) m/z calculated for C6H13NO3 [M+H]




Compound 1e: Yellow liquid, yield 1.20 g (89%). 1H NMR (400 MHz, CDCl3) δ = 7.92 (d, J = 
8.3 Hz, 1H), 7.79 (br,  NH), 7.38 (d, J = 1.6 Hz, 1H), 7.15 (dd, J = 8.3, 1.6 Hz, 1H), 3.95 (dd, J = 
9.2, 3.8 Hz, 1H), 3.91 (s, 3H), 3.86 (s, 3H), 2.14 - 2.00 (m, 2H), 1.81 - 1.71 (m, 2H), 1.72 - 1.62 
(m, 2H), 1.57 (tdd, J = 12.2, 6.2, 3.2 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ = 168.73, 167.11, 
150.55, 135.09, 131.87, 114.42, 113.41, 112.82, 53.82, 52.42, 51.81, 33.57, 24.16. 
 
 
Compound 1f: Yellow liquid, yield 1.24 g (92%). 1H NMR (400 MHz, Chloroform-d) δ = 7.93 (d, 
J = 8.3 Hz, 1H), 7.81 (br, NH), 7.12 (dd, J = 8.3, 1.6 Hz, 1H), 3.91 (s, 3H), 3.86 (s, 3H), 3.50 (dtd, 










1.62 (ddt, J = 14.1, 9.6, 4.5 Hz, 1H), 1.51 - 1.22 (m, 5H). 13C NMR (101 MHz, CDCl3) δ = 168.79, 





Compound 1g: Yellow liquid, yield 0.53 g (42%). 1H NMR (400 MHz, Chloroform-d) δ = 7.93 
(d, J = 8.3 Hz, 1H), 7.70 (br, NH), 7.34 (d, J = 1.6 Hz, 1H), 7.17 (dd, J = 8.3, 1.6 Hz, 1H), 4.12 (t, 
J = 6.7 Hz, 2H), 3.92 (s, 3H), 3.87 (s, 3H), 1.56 (d, J = 6.4 Hz, 2H), 1.38 - 1.22 (m, 8H), 0.89 (t, J 
= 3.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ = 168.75, 167.15, 151.07, 135.24, 131.88, 114.61, 
112.86, 112.64, 52.45, 51.86, 43.11, 31.91, 29.20, 28.84, 27.29, 22.78, 14.20. 
 
Synthesis of N-alkyl-2-amino-terephthalic acid (2a-f). The alkylated diester 1a-f (0.50 g) 
was dissolved in THF (25 mL), followed by addition of 1 M NaOH (aq, 12.8 mL). The solution 
was heated to 70 ºC and stirred for 8 h. The mixture was concentrated in a rotary evaporator at 45 
ºC to remove the excess THF. The mixture was cooled to room temperature followed by addition 
of 1 M HCl (aq) until a pH = 3. The observed precipitate was isolated by filtration, rinsed with 









Compound 2a: Yellow solid, yield 0.46 g (92%).  1H NMR (400 MHz, DMSO-d6) δ = 7.86 (d, J 
= 8.2 Hz, 1H), 7.21 (d, J = 1.6 Hz, 1H), 7.09 (dd, J = 8.2, 1.6 Hz, 1H), 2.88 (s, 3H). 13C NMR (100 
MHz, DMSO-d6) δ = 169.37, 167.18, 151.27, 135.78, 131.85, 114.27, 113.09, 111.37 , 29.20. 
HRMS (ESI-TOF) m/z calculated for C6H13NO3 [M+H]





Compound 2b: Yellow solid, yield 0.45 g (90%). 1H NMR (400 MHz, DMSO-d6) δ = 7.87 (d, J = 
8.2 Hz, 1H), 7.23 (d, J = 1.6 Hz, 1H), 7.08 (dd, J = 8.2, 1.6 Hz, 1H), 3.23 (q, J = 7.2 Hz, 2H), 1.23 










114.30, 112.91, 111.71, 36.70, 14.26. HRMS (ESI-TOF) m/z calculated for C6H13NO3 [M+H]
+: 
210.0761, found 210.0746. 
 
 
Compound 2c: Yellow solid, yield 0.47 g (94%). 1H NMR (400 MHz, DMSO-d6) δ = 7.87 (d, J = 
8.2 Hz, 1H), 7.25 (d, J = 1.6 Hz, 1H), 7.05 (dd, J = 8.2, 1.6 Hz, 1H), 3.74 (hept, J = 6.4 Hz, 1H), 
1.21 (d, J = 6.3 Hz, 6H). 13C NMR (100 MHz, DMSO-d6) δ = 169.57, 167.19, 149.58, 135.75, 
132.11, 114.08, 113.04, 112.14, 42.74, , 22.46. HRMS (ESI-TOF) m/z calculated for C6H13NO3 




Compound 2d: Yellow solid, yield 0.48 g (96%). 1H NMR (400 MHz, DMSO-d6) δ = 7.85 (d, J = 
8.2 Hz, 1H), 7.24 (d, J = 1.5 Hz, 1H), 7.07 (dd, J = 8.2, 1.6 Hz, 1H), 3.20 (t, J = 7.0 Hz, 2H), 1.60 










167.15, 150.51, 135.77, 131.96, 114.25, 112.90, 111.74, 41.72, 30.58, 19.71, 13.68. HRMS (ESI-
TOF) m/z calculated for C6H13NO3 [M+H]
+: 238.1074, found 238.1058. 
 
 
Compound 2e: Yellow solid, yield 0.47 g (93%). 1H NMR (400 MHz, DMSO-d6) δ = 7.86 (d, J = 
8.2 Hz, 1H), 7.27 (d, J = 1.5 Hz, 1H), 7.07 (dd, J = 8.2, 1.5 Hz, 1H), 3.88 (p, J = 6.1 Hz, 1H), 2.02 
(dq, J = 12.1, 6.0, 5.1 Hz, 2H), 1.65 (dqd, J = 22.4, 7.8, 3.7 Hz, 4H), 1.45 (dq, J = 11.6, 5.5 Hz, 
2H). 13C NMR (100 MHz, DMSO) δ = 169.60, 167.21, 150.05, 135.72, 132.05, 114.28, 112.99, 
112.58, 53.08, 32.92, 23.57. HRMS (ESI-TOF) m/z calculated for C13H16NO4 [M+H]
+: 
250.1079, found 250.1041. 
 
 
Compound 2f: Yellow solid, yield 0.46 g (92%). 1H NMR (400 MHz, DMSO-d6) δ = 7.98 (br, 
NH), 7.86 (d, J = 8.2 Hz, 1H), 7.25 (s, 1H), 7.04 (dd, J = 8.3, 1.4 Hz, 1H), 3.45 (d, J = 8.9 Hz, 
2H), 1.93 (dt, J = 12.6, 3.9 Hz, 2H), 1.68 (dt, J = 13.3, 4.3 Hz, 2H), 1.58 (dt, J = 10.0, 4.3 Hz, 1H), 










135.74, 132.15, 114.02, 112.11, 49.54, 32.23, 25.33, 23.97. HRMS (ESI-TOF) m/z calculated for 
C14H18NO4 [M+H]
+: 264.1235, found 264.1189. 
 
 
Compound 2g: Yellow solid, yield 0.48 g (96%). 1H NMR (400 MHz, DMSO-d6) δ = 7.86 (d, J = 
8.2 Hz, 1H), 7.23 (d, J = 1.6 Hz, 1H), 7.07 (dd, J = 8.2, 1.5 Hz, 1H), 3.19 (t, J = 7.0 Hz, 2H), 1.61 
(p, J = 7.0 Hz, 2H), 1.44 - 1.20 (m, 8H), 0.92 - 0.80 (m, 3H). 13C NMR (100 MHz, DMSO) δ = 
169.54, 167.16, 150.52, 135.77, 131.97, 114.25, 112.89, 111.75, 42.02, 31.20, 28.41, 28.36, 26.45, 
22.01, 13.94. HRMS (ESI-TOF) m/z calculated for C15H22NO4 [M+H]
+: 280.1548, found 
280.1500 
Synthesis of MIL-125-NHR. Compounds 2a-f (0.41 mmol) were placed in 20 mL 
scintillation vials with anhydrous DMF (4.90 mL) and anhydrous MeOH (0.35 mL). The mixture 
was mixed thoroughly by immersing the vial in an ultra-sonic bath for 1 min then transferred into 
a borosilicate glass tube (see SI for more details) and bubbled with N2 (g) for 5 min. Ti(O
iPr)4 
(0.031 mL, 0.106 mmol) was added to the tube via syringe, immediately flash frozen in liquid N2, 
and flame sealed as described in the Appendix B. The sealed tube was heated to 150 ºC for 48 h. 
After cooling to room temperature, the formed powder was isolated by filtration and rinsed with 
DMF (3×) and CHCl3 (3×). The powder was immersed in CHCl3 and stored for 3 d in a desiccator, 






solvent-wet powder was dried under dynamic vacuum (10 mtorr) for 48 h at room temperature. 
The degassed yellow solid was stored under N2 in a desiccator. 
MIL-125-NHMe. Yellow solid. Yield: 0.015 g [66% yield based on Ti8O12(C9H7NO4)6]. FTIR 
(ATR, cm-1) 3388.88, 2923.01, 1717.1, 1538.36, 1505.04, 1484.73, 1456.67, 1408.86, 1384.32, 
1311.53, 1278.29, 1163.53, 1080.44, 1062.15, 1036.26, 950.04, 882.39, 768.58, 632.14, 583.12, 
553.84, 507.68, 460.66 
MIL-125-NHEt. Yellow solid. Yield: 0.015 g [63% yield based on Ti8O12(C10H9NO4)6]. FTIR 
(ATR, cm-1) 3364.35, 2969.06, 2927.83, 2871.17, 1622.55, 1574.24, 1538.33, 1504.43, 1480.27, 
1454.32, 1385.56, 1304.75, 1279.43, 1269.21, 1157.09, 1081.55, 1058.47, 983.03, 950.64, 886.9, 
768.8, 665.76, 630.17, 585.19, 512.73 
MIL-125-NHiPr. Yellow solid. Yield: 0.014 g [56% yield based on Ti8O12(C11H11NO4)6]. FTIR 
(ATR, cm-1) 3354.94, 2965.73, 2927.26, 1622.02, 1573.66, 1538.12, 1503.89, 1454.54, 1445.82, 
1410.07, 1384.84, 1279.16, 1246.65, 1117.76, 1006.2, 951.41, 888.56, 850.56, 768.24, 665.95, 
636.51, 613.79, 600.93, 538.98, 482.13 
MIL-125-NHBu. Yellow solid. Yield: 0.015 g [57% yield based on Ti8O12(C12H13NO4)6]. FTIR 
(ATR, cm-1) 3362.48, 2955.93, 2927.6, 2870.25, 1622.53, 1573.94, 1537.91, 1503.55, 1451.88, 
1386.73, 1314.03, 1304.04, 1280.91, 1259.32, 1115.87, 970.85, 951.52, 906.68, 885.87, 837.9, 
769.03, 731, 633.97, 616.57, 583.52, 534.70, 503.04 
MIL-125-NHCyp. Yellow solid. Yield: 0.010 g [39% yield based on Ti8O12(C13H13NO4)6]. FTIR 
(ATR, cm-1) 3365.09, 2956.52, 2870.11, 1622.59, 1572.58, 1533.02, 1499.83, 1453.63, 1409.16, 
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1385.58, 1323.65, 1276.65, 1184.97, 1115.98, 1060.09, 980.45, 951.9, 886.01, 768.43, 620.1, 
597.1, 523.84, 470.79 
MIL-125-NHCy. Yellow solid. Yield: 0.011 g [42% yield based on Ti8O12(C14H15NO4)6]. FTIR 
(ATR, cm-1) 3352.11, 2927.79, 2853.15, 1620.61, 1571.39, 1532.66, 1501.01, 1453.71, 1383.93, 
1322.94, 1281.56, 1248.78, 1187.03, 1150.25, 1073.88, 994.46, 959.79, 887.69, 767.44, 664.76, 
631.11, 602.49, 526.78, 479.16 
MIL-125-NHhept. Yellow solid. Yield: 0.015 g [52% yield based on Ti8O12(C15H19NO4)6]. FTIR 
(ATR, cm-1) 3373.41, 2953.73, 2926, 2854.98, 1622.82, 1573.83, 1537.73, 1532.36, 1504.52, 
1454.97, 1403.36, 1385.54, 1311.73, 1278.64, 1123.5, 1063.3, 982.81, 954.74, 884.31, 768.1, 
665.83, 617.89, 582.38, 548.52, 505.48 
Activation procedure for gas adsorption. The dried MOF powder was placed in a sample tube for 
gas adsorption, evacuated to ~ 5 mtorr at room temperature and then heated up to 120 ºC under 
dynamic vacuum for 18 h 
3.2.3 Blue LED photochemical reactor setup and calibration.  
Photocatalytic reactions were carried out in a home-built reactor using a 60 W blue LED 
strip (5 m long, MEILI, product # CNMX-Hardlines-464321) with λ = 466 nm (fwhm = 20 nm), 
the strip was coiled and glued inside a 20 cm diameter tin can and mounted on top of a magnetic 
stirrer. The temperature inside the photo reactor was kept at 25 ºC with the aid of an attached fan 
and a thermometer. The photon flux of the photoreactor was determined using iron oxalate 
actinometry at 466 nm following the protocol by Parker et al.44 obtaining a volumetric photon flux 
of Ro,λ = 1.92 × 10
-3 mol (photons) L-1 h-1. The apparent quantum yield, Φapp (also named photonic 
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efficiency) was determined according to the IUPAC recommended protocol by Serpone et al.45 




       (3-2) 
where Rin corresponds to the initial rate of the reaction (see below), and Ro,λ is the volumetric 
photon flux.  
3.2.4 Photochemical reduction of carbon dioxide to formate 
Measurements were performed under ambient conditions in the photoreactor described 
above. MIL-125-NHR (3 – 5 mg) was loaded in a 3 mL borosilicate vial with a magnetic stirrer. 
1.5 mL of a CO2-bubbled stock solution containing triethanolamine (TEOA, 0.30 mol L
-1) and 
mesitylene (1.5 mmol L-1) in MeCN-d3 was added to the vial and tightly capped with a 
PTFE/rubber septum. A flow of CO2 (g) was bubbled into the vial with the aid of a needle with an 
input positive pressure of 1 psi for 30 min previous to photoirradiation. During irradiation, 40 µL 
aliquots were sampled every 12 h with the aid of a syringe, the aliquot was filtered through a 0.2 
µm PTFE syringe membrane into an NMR tube. The filtrate was diluted with CDCl3 (~0.6 mL) 
and a total of 256 transients were measured for each time point. Kinetic plots were obtained in 
both concentration and turnover number in the ordinate axis. The concentration was obtained by 
addition of the intensity of the photoreduced-CO2 signals (formate + HEF + BHEF) and 
normalizing with respect to the internal standard, and the turnover number was determined as the 
total number of moles of photoreduced-CO2 (mol CO2 + mol HEF + mol BHEF) per mol of 
photocatalyst (with respect to the organic linker). The initial rate of the reaction was obtained by 
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fitting a third order polynomial function using linear least squares, then evaluating their first 
derivative at t = 0. 
3.2.5 Crystal modeling and Rietveld refinements. 
Rietveld refinements were performed in GSAS-II with the experimental diffractograms, 
and the respective crystal model generated in Materials Studio. Refinements were performed using 
a Thomson-Cox-Hasting modified pseudo-Voigt function with 6 terms, and Finger-Cox-Jephcoat 
peak asymmetry with 1 parameter. The background was initially hand fit to a 6th order Shifted 
Chebyschev polynomial. The profile was initially calculated using the LeBail routine (Peakfit) 
with manually picked peaks, refining first the Gaussian and then the Lorentzian components, 
followed by asymmetry and background, observing convergent refinements. Following LeBail fit, 
Rietveld routine with extraction of the structure factors (Fobs) was then used refining the scale 
factor, unit cell parameters, zero shift and LP function, followed by the background function, the 
crystallite size and strain broadening, transparency and extinction. Oxygen atoms were included 
inside the pores to partially correct for the influence of water guest molecules (likely present from 
the interaction with ambient surroundings over the course of the data collection), and their 
occupancy factors and positions were refined with convergent results. The atom positions of the 
alkyl chains were not refined and assumed highly disordered. A preferred orientation correction 
was added to the refinements using a 2nd order spherical harmonic function. Isotropic atomic 
displacement parameters (Uiso) of all non-hydrogen atoms were refined with constraints 
(constraining all the chemically equivalent atoms). Final refinements included all parameters, 
which were refined iteratively until convergent refinements were obtained. Fobs were extracted, 
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bond distances and angles were calculated and a crystallographic information file (CIF) was 
generated. 
Note: MIL-125-NHiPr, MIL-125-NHBu, and MIL-125-NHCyp exhibit three unindexed 
peaks at 32.3, 34.0, and 38.8 2-theta degrees. Those peaks do not correspond to starting materials 
or titanium dioxide polymorphs. 
3.2.6 Chemical Actinometry 
Calibration of the LED photoreacotor was performed by chemical actionometry though 
standard photoreduction of K3[Fe(C2O4)3] to Fe((C2O4)2
2- as described by Parker et al.44  After the 
preparation of a calibration curve of ferrous iron (Figure B-70), the photoreduction of 
K3[Fe(C2O4)3] is irradiated over 360 seconds. The absorbance at 510 nm as converted to 
concentration of ferrous iron using the calibration curve. The radiation dose of a photoreactor using 





      (3-3) 
Where Φ𝜆 is the photochemical quantum yield, 𝑅
𝑖𝑛 is the initial rate of the photochemical reaction, 
and 𝑅𝑜,𝜆 is the incident volumetric photon flux. 
The obtained photon flux in the photoreactor is 𝑅𝑜,𝜆 = 1.92 × 10
-3 mol (photons)  
L-1 h-1. 
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3.3 Results and Discussion 
The isoreticular family of MOFs was prepared via SN2 reaction of 2-amino terephthalate 
dimethyl ester (Figure 3-2) with the corresponding alkyl iodide in basic conditions forming 
intermediates 1a-d and 1g in moderate yields. Intermediates 1e-f were synthesized via reductive 
amination with cyclopentanone or cyclohexanone in the presence of NaBH4/TMSCl in cold DMF 
in high yields. Hydrolysis of the dimethyl esters in NaOH/THF afforded linkers 2a-g, and 
solvothermal MOF crystallization with Ti(OiPr)4 in DMF/MeOH in flame sealed borosilicate tubes 
produced the desired MOFs in high yields (See Appendix B). The molecular integrity of the linkers 
within the MOFs was determined using 1H NMR by dissolving the synthesized MOFs in NaOD 
0.1 M in D2O (Figure 3-3). These measurements allowed identifying any loss of alkyl chains at 
the N-substitution, as it has been observed by others46  that solvothermal conditions using 
tetravalent early transition metal ions (such as Zr+4) in DMF can induce dealkylations at the N-
substitution. No loss of N-alkyl chains was observed in any of the prepared MOFs, indicating a 
robust and clean crystallization. Attempts to prepare a double methylated aminoterephthalate MIL-
125-NMe2 using linker 3 were unsuccessful (Figure 3-5) due to the decomposition of the linker 
into the monomethylated species 2a, with 80% conversion while forming non-porous amorphous 
solids. We deduced that the steric constrain imposed by the double substitution impedes the 
crystallization of the MOF, while Ti+4 induces N-dealkylation, similar to Zr-based MOFs, and thus 
only single N-alkylated MOFs were successfully synthesized. 
The MOFs were obtained as microcrystalline powders that were analyzed by scanning 
electron microscopy (SEM) and powder X-ray diffraction (PXRD) crystallography. SEM images 
(Figures B9-B16) displayed samples with uniform particle shape and texture, suggesting 
homogeneous materials. All the materials display sharp diffraction peaks (Figure 3-4) starting at 
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6.8º 2θ, evidencing high degree of crystallinity with large unit cells, as expected in a MOF. All 
patterns were indexed by comparison to the simulated pattern of MIL-125-NH2,
34 suggesting the 
formation of frameworks that are isoreticular to MIL-125. Crystal simulation using Materials 
Studio Modeling Suite41 produced the library of suitable models for crystal structure solution with 
the Rietveld method. Refinements of the experimental patterns vs. the theoretical crystals allowed 
the solution of the crystal structures in the high-symmetry tetragonal I4/mmm space group with 
low residuals (see SI), where the –NR groups were assumed to be disordered around the four 
possible positions in the terephthalate ring and inside the pore. 
The porosity of the MOFs was determined using N2 gas adsorption at 77 K. All isotherms 
display IUPAC Type II isotherm behavior that corresponds to microporous materials with fully 
reversible adsorption behavior (Figure S18-S47). Application of the Brunauer-Emmet-Teller 
(BET) model in the low-pressure region of the isotherm resulted in BET surface areas between 
200 and 1000 m2 g-1. A progressive decrease is observed in the order of MIL-125-NH2 (SBET = 
1,200 m2 g-1) > MIL-125-NHMe (SBET = 1,000 m
2 g-1) > MIL-125-NHEt (SBET = 750 m
2 g-1) > 
MIL-125-NHBu (SBET = 690 m
2 g-1) > MIL-125-NHCyp (SBET = 580 m
2 g-1) > MIL-125-NHiPr 
(SBET = 490 m
2 g-1) > MIL-125-NHCy (SBET = 420 m
2 g-1) > MIL-125-NHhep (SBET = 230 m
2        
g-1). The total cumulative pore volume, obtained from non-local density functional theory 
(NLDFT) fitting of the N2 isotherms, resulted in decreasing pore volumes consistent with increased 
substitution (Figure 3-6) decreasing from 0.73 cm3 (STP) g-1 in MIL-125-NH2 to 0.09 cm
3 (STP) 










Figure 3-2: Synthesis of isoreticular MIL-125-NHR MOFs. Conditions: a (R = Me, Et, iPr, Bu, hep) RI, 
K2CO3, DMF/HPMA, 100 ºC, 18 h. 
b (R = Cyp, Cy) cycloketone, TMSCl, NaBH4, DMF, N2 (g), 0 ºC, 15 


















R = Me  a
R = Et    b
R = iPr  c
R = Bu  d
R =Cyp  e
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Figure 3-3: 1H NMR spectra (400 MHz, 0.1 M NaOD/D2O, 25 ºC) of NaOD/D2O digested MOFs (0.1M 




Figure 3-4: Powder X-ray diffraction patterns of the isoreticular family of MIL-125-NHR compared to the 









Figure 3-5: Attempted synthesis of MIL-125-NMe2. Note: Attempts to prepare this MOF under the same 
conditions as in mono N-substituted MOFs resulted in N-demethylation of the linker with formation of 
















The CO2 adsorption isotherms at 273 (Figure 3-7a), 283 and 298 K (Figures B47-S54) 
exhibit a similar trend in uptake where increased N-alkyl substitution results in lower uptakes from 
221 cm3 g-1 in MIL-125-NH2, to 19.1 cm
3 g-1 in MIL-125-NHhep. These trends are consistent 
with: 1) increased amount of weight of the MOF by addition of extra atoms in the N-alkyl chain, 
and 2) the decreased accessibility to the pores as a result of clogging of the pore and pore apertures 
as the alkyl chains occupy free space of the pores. We also observed that although the 
functionalized MOFs display lower CO2 uptakes than the parent MIL-125-NH2 at room 
temperature (especially MIL-125-NHCyp, MIL-125-NHCy, and MIL-125-NHhep), their 
adsorption capacity has little effect in their CO2 photoreduction rates (see below), which only 
suggests that mass transport within the pores is not the rate determining step in the photoreduction. 
Determination of the differential enthalpy of adsorption ∆ℎ̇𝑎𝑑𝑠 (Figure 3-7b) allows understanding 
the thermodynamic interactions between CO2 and the MOFs. We observed no particular trend 
given by the systematic N-alkyl substitution across the uptake ranges, with all MOFs observing 
similar ∆ℎ̇𝑎𝑑𝑠 than MIL-125-NH2, ranging from -20 kJ mol
-1 (MIL-125-NHEt) to -27 kJ mol-1 
(MIL-125-NHMe) when loading 1 CO2 molecule per unit cell. This lack on trend in adsorption 
enthalpy evidences the convoluted effect of: 1) the inherent porosity of the parent MIL-125 
framework, 2) the electron rich nature of the amino nitrogen lone pair acting as a Lewis basic site, 
and 3) the steric hindrance imposed by the bulky alkyl substituents. While the enthalpy of 
adsorption is a combination of all these effects, the undiluted electronic effects are better 
understood by determination of the bandgap of the MOFs.  
The UV-visible absorption spectra for crystalline powder of the MIL-125-NHR series were 
acquired using an integrating sphere and the results can be seen in Figure 3-8a. The parent MIL-
118 
125-NH2 exhibits a low energy absorption peak at 375 nm. As expected, a gradual redshift in the 
absorption is observed for the alkylated derivatives; presumably the shift can be attributed to the 
alkyl donor group destabilizing the top of the valence band (HOMO) of the amino terephthalate 
linker. Application of the Tauc model to the photoabsorption plots (Figures S55-S62) allowed for 
the determination of the optical bandgap (or HOMO-LUMO gap). A decrease in the bandgap of 
the materials is observed (Figure 3-8b) from MIL-125-NH2 (Eg = 2.56 eV) to MIL-125-NHCy (Eg 
= 2.29 eV) in a stepwise mode with increased alkyl chain substitution, as expected from the 
inductive effects of the corresponding alkyl chain. Of the series, the n-heptyl substituted MOF 
displayed a larger bandgap than the cyclopentyl and cyclohexyl, and close in value to n-butyl 
substituted MOF. This behavior is due to the linear nature of the heptyl chain. Inductive effects 
decrease exponentially as the C–C σ-bonds are further away from the heteroatom, expecting very 
little induction beyond the fourth σ-bond, as observed in MIL-125-NHBu and MIL-125-NHhep. 
In contrast, cyclic substituents retain the σ-bonds in close proximity to the amine group, resulting 
in stronger electronic induction and therefore lower bandgaps. We expect that tertiary carbon 
substitutions (e.g., tert-butyl), or N,N-dialkyls (e.g. MIL-125-NMe2) would result in even lower 
bandgaps. 
The photocatalytic rates and efficiencies of MIL-125-NHR MOFs are known to be 
dependent on the lifetime of the photo generated charge-separated state.35 To gain insights into the 
excited state dynamics, nanosecond transient absorption spectroscopy was performed on 
suspensions of selected MIL-125-NHR in MeCN and the results can be seen in Figure 3-8c and 
Figures B63-B67. Upon excitation at 405 nm the parent material, MIL-125-NH2, exhibits bleach 







Figure 3-6: Pore volume of as prepared MOFs calculated from NLDFT using data measured from N2 gas 







Figure 3-7: (a) CO2 gas adsorption isotherms (273 K) and (b) Differential (or isosteric) enthalpy of 
adsorption vs. loading plots of MIL-125-NHR with R = H (brown), Me (purple), Et (blue), iPr (green), Bu 
(yellow), Cyp (orange), Cy (red), hep (pink). CO2 adsorption points at high pressure in MIL-125-NH2 are 





These transient spectroscopic features are indicative of the charge-separated state with a hole on 
the amino terephthalate linker and the electron on the titanium-oxo cluster.35 Similarly, absorption 
features are observed for the alkylated derivatives with example spectra for MIL-125-NHMe 
shown in Figure 3-8c and all other spectra in supporting information. As was observed with the 
ground state absorption, the alkylated complexes ΔA features are red shifted by ~30 nm compared 
to MIL-125-NH2. The lifetime of the charge-separated state for the measured set of MIL-125-NHR 
materials was monitored at 500 nm (λex = 405 nm) and the results can be seen in Figure 3-8d. The 
lack of signal rise time indicates that the charge-separated state is generated within the instrument 
response time (< 10 ns). The charge-separated lifetime increases in the order of MIL-125-NH2      
(τ = 12.8 ns) < MIL-125-NHMe (τ = 38.2 ns) < MIL-125-NHBu (τ = 52.1 ns) < MIL-125-NHEt 
(τ = 60.63 ns) < MIL-125-NHCyp (τ = 68.9 ns) < MIL-125-NHCyp (τ = 68.8 ns) < MIL-125-
NHhep (τ = 69.2 ns) < MIL-125-NHiPr (τ = 75.11 ns) < MIL-125-NHCy (τ = 91.35 ns) generally 
corresponding to a trend of longer lifetimes with greater donor ability of the alkyl substituent. 
Presumably, the enhanced stabilization of the oxidized terephthalate by the secondary alkyl chain 
is responsible for the long lifetime observed for MIL-125-NHiPr, MIL-125-NHCyp and MIL-125-
NHCy. 
 We explored the photocatalytic activity of the isoreticular MOFs towards CO2 
photoreduction using blue irradiation (Figure 3-9. A LED light source was utilized because of its 
accessibility, low cost, high irradiance, low power needs and narrow emission profile, compared 
to Xe-based lamps.47 Moreover, using a narrow band aids in circumventing photocatalysis by any 
residual titanium oxide formed during the MOF synthesis, as these phases require light in the UV 
region (λ < 350 nm).7 Irradiating MIL-125-NHR suspensions in MeCN-d3 under a flow of CO2 
and in the presence of triethanolamine, TEOA (a reducing agent) and mesitylene (an internal 
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standard) with blue light (λ = 466 nm) resulted in the formation of formate as the product of CO2 
reduction, which displays a 1H NMR signal at 8.45 ppm (Figure 3-10). Two other signals were 
also observed at 8.08 and 8.04 ppm, which correspond to N-(2-hydroxyethyl)formamide (HEF) 
and N,N-bis(2-hydroxyethyl)formamide (BHEF), respectively (Figure 3-11). These two species 
appear as result of formate reacting with the hydrolyzed products of oxidized TEOA (Figure 3-9), 
as the photoreduction operates in non-anhydrous conditions.48-53 Integration of the NMR signals 
and normalization with respect to the mesitylene internal standard provided kinetic plots (Figures 
B71-B78) for the three CO2-photoreduced species. Figure 3-12a displays the kinetic plot of the 
total CO2-reduced products over 120 h utilizing MIL-125-NHMe and MIL-125-NHhep. Similar 
to the trend in photoabsoption and bandgap, the increased number of carbon atoms in the N-alkyl 
chain results in increased photocatalytic activity, with turnover numbers at 120 h between 0.284 
for MIL-125-NHMe and 1.151 for MIL-125-NHhep. For comparison purposes, we measured the 
concentration of formate with our photoreactor ([formate] = 0.165 mmol L-1 at t = 12 h) and 
compared to the observations of Li et al. ([formate] = 0.136 mmol L-1 at t = 10 h),34 resulting in 
very similar values, providing a validation to our approach. Fitting polynomial functions to the 
concentration-based kinetic plot, followed by evaluation at t = 0 h of their first derivative, allowed 
us to obtain the initial rate of the photoreduction. The initial rates for all the MOFs were utilized 
to obtain an apparent quantum yield (Φapp, also referred as photonic efficiency45) using eq. (2). In 
this work we use the term apparent quantum yield for two reasons: first, the ratio of light 
absorption/scattering by the MOF is not accounted for (i.e. we assume complete light absorption), 
and second, because the kinetic plots account for two side reactions (amide formation) that occur 
after the photocatalytic step. As shown in Figure 3-12b, secondary N-alkyls, isopropyl, 
cyclopentyl, and cyclohexyl Figure 3-12b blue histograms) display a larger Φapp (1.5 – 1.8%) than 
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the primary N-alkyls (0.30 – 0.40%, Figure 3-12b orange histograms); especially MIL-125-
NHCyp, which displayed the largest apparent quantum yield Φapp = 1.80%. The increased catalytic 
activity is consistent with the increased excited-state lifetime and decreased bandgap for the 
secondary alkyl substituent species.  
It is noteworthy to emphasize that we observed no trend or correlation observed between 
the photocatalytic rates/efficiency and the gas adsorption properties of the MOFs. We believe that 
electronic effects from N-alkyl substitution determine the photocatalytic efficiency with little 
effect from mass transport.  This assessment is consistent with the reaction mechanism proposed 
by Fu et al.,34  who propose that upon photoexcitation, an electron is promoted from the π-cloud in 
terephthalate to a Ti d-state and is further transferred to CO2, reducing it to formate. The MOF 
catalyst is then regenerated by oxidizing TEOA (the latter also serving as proton source). Our 
observed correlation between excited-state lifetime and apparent quantum yield suggest that the 
rate-limiting step of the reduction is the electron transfer from Ti+3 to CO2 competing with charge 
recombination of the MOF. The chemical stability of the MIL-125-NHR MOFs was assessed by 
PXRD and 1H NMR after 120 h of photoreaction. No changes in the PXRD patterns were observed, 
suggesting stability of the crystalline framework (Figure 3-13). Moreover, only marginal linker 
decomposition was observed in the 1H NMR spectra of the base-digested MOFs. The reusability 
of the MOF photocatalysts was assessed by re-exposing MIL-125-NHCyp for a second 
photocatalytic run for another 120 h, observing less than 5% variation in concentration of reduced 
CO2 species, indicating photochemical stability after reuse (Figure 3-14). Future work includes 
studying the effect of other reductants (e.g. alcohols, hydrogen) and more complex substitutions, 
such as including tertiary N-alkyls and π-donors that will increase the lifetime of the excited state 




Figure 3-8: (a) Solid-state absorption spectra of MIL-125-NHR MOFs, (b) measured bandgap for MIL-
125-NHR MOFs using the Tauc model (error bands correspond to one standard deviation from the linear 
fitting), (c) transient absorption spectra for MIL-125-NHMe, and d) time-resolved absorption traces at 









Figure 3-9: Photocatalytic reduction of carbon dioxide. Note: HEF and BHEF appear as formate reacts 




















Figure 3-10: 1H NMR traces (400 MHz, CDCl3, 25 ºC) at varying times of the photoreduction of CO2 
under blue LED illumination using MIL-125-NHCyp. Signals for formate, HEF, BHEF, residual solvent, 





Figure 3-11: 1H NMR (CDCl3, 400 MHz, 25 ºC) of HEF and BHEF compared to CO2-photoreduced 








Figure 3-12: (a) Kinetic plot of CO2-photoreduced products (formate, HEF and BHEF) over time utilizing 
MIL-125-NHMe (purple) and MIL-125-NHhep (pink). Turnover number determined as total moles of 
reduced CO2 per mole of catalyst (based on linker). (b) CO2 photoreduction apparent quantum yield of the 








Figure 3-13: Powder X-ray diffraction patterns of the isoreticular family of MIL-125-NHR post 






Figure 3-14: Plot showing the concentration in mol L-1 of CO2 reduced species from re-utilized MIL-125-





We prepared an isoreticular series of titanium-based MOF photocatalysts by increasing the 
N-alkyl substitution in MIL-125-NHR, where R varies from methyl, to ethyl, isopropyl, n-butyl, 
cyclopentyl, cyclohexyl, and n-heptyl. The isoreticular nature of their crystal structure was studied 
by powder X-ray crystallography and gas adsorption. Their photophysical and photocatalytic 
properties were studied displaying a gradual decrease in the optical bandgap from 2.56 eV in MIL-
125-NH2 to 2.29 eV in MIL-125-NHCy, consistent with increased electron density around the 
organic linker via inductive effects of the N-alkyl chain. We explored the photocatalytic efficiency 
of the MOFs towards reduction of carbon dioxide under blue LED light, displaying increased 
reaction rates and quantum yields consistent with the increased alkyl substitution. We observed 
that the CO2 photoreduction quantum yield is higher for MOFs with increased excited-state 
lifetime, particularly with secondary N-alkyls substituents, and concluded that from the current 
proposed mechanism, the electron transfer from Ti+3 to CO2 is the rate-limiting step in the 
photoreduction. This study allowed us to understand how small variations in the organic linker of 
the MOF can result in tuning of the photophysical and photocatalytic properties of the materials, 
solely by selection of specific substituents in the organic links.  
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CHAPTER 4: STRUCTURAL STABILITY OF N-ALKYL 
FUNCTIONALIZED TITANIUM METAL-ORGANIC FRAMEWORKS 
IN AQUEOUS AND HUMID ENVIROMENTS  
4.1  Introduction 
One of the most common concerns for the widespread realization of metal-organic 
frameworks (MOFs)1-3 in real life applications is their perceived instability towards water. Unlike 
zeolites, which retain crystallinity, porosity, and performance under humid environments, MOFs 
can be very easily disrupted when exposed to aqueous conditions.4 Due to the combination of high 
porosity and the presence oxygen rich metal-oxide clusters, MOFs tend to be hygroscopic, and 
often water can induce collapse of the structure,5-8 or interfere with the adsorption of specific 
guests.9-11 Improved structural stability in water has been observed in MOFs built with early 
transition metal ions, in particular with zirconium,12 titanium,13 and yttrium.14 The archetypical 
zirconium-based UiO-66 MOFs can remain untouched for long periods of time when boiled in 
water and acids, without major loss of structural and porosity properties.15-17 This superior stability 
towards water is believed to be an effect of the kinetic stability of the Zr6O4(OH)4(CO2)12 
cluster,18,19 and as consequence, this framework type has become very popular for water stable 
isoreticular MOFs.20  
Titanium based MOF MIL-125, features a stable Ti8O4(OH)4(CO2)12 cluster that also 
displays water stability; however, a limited number of isoreticular materials have been prepared. 
These MOFs have gained increased attention due to their exceptional performance as photoredox 
catalysts.21-25 In our previous work, we demonstrated that N-alkyl functionalization of MIL-125-
NH2 results in improved photophysical and photocatalytic properties,  especially for CO2 
photoreduction.22 Of the series, MIL-125-NHCyp (Cyp = cyclopentyl), which bears a 
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cyclopentylamine group at the terephthalate linker, exhibits high photocatalytic efficiency at 
moderate rates under continuous blue LED irradiation without decomposition. The photocatalytic 
performance of this MOF inspired us to further study its stability in water rich environments to 
understand how the functionalization of the linker plays a role in their structural stability and water 
exclusion for improved photocatalysis. 
4.2 Experimental Section 
 All starting materials and solvents, unless otherwise specified, were obtained from 
commercial sources (Aldrich, Fisher, VWR) and used without further purification. All reactions 
were performed at ambient laboratory conditions, and no precautions were taken to exclude 
oxygen or atmospheric moisture unless otherwise specified. Anhydrous N,N-dimethylformamide 
(DMF) and tetrahydrofuran (THF) were purified using a custom-built alumina-column based 
solvent purification system (Inovative Technology). Anhydrous methanol was obtained from 
Aldrich (Sureseal). Deuterated solvents (CDCl3, DMSO) were obtained from Cambridge Isotope 
Lab. 
4.2.1 Instrumental 
Powder X-ray diffraction (PXRD) data was collected using a Rigaku MiniFlex 600 θ-2θ 
diffractometer in Bragg-Brentano geometry with a 300 mm goniometer diameter, Ni-filtered CuKα 
radiation (λ = 1.5418 Å) at 600 W power (40 kV, 15 mA), equipped with a NaI(Tl) SC-70 
scintillation detector, 5.0º incident and receiving Soller slits, a 0.625º divergent slit, a 1.25º 
scattering slit, a 0.3 mm receiving slit and a Ni-CuKβ filter. Samples were analyzed from 3 to 40 
2θ-degrees with 0.02º per step and a scan rate of 1.0 degrees min-1. Samples were prepared by 
dropping the powder sample in a glass sample holder and pressing the powder with a razor blade 
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spatula forming a smooth surface. Crystal models were created using Materials Studio modeling 
suitei starting from the published crystal of MIL-125 (CCDC code RUPRUQ) by adding the 
corresponding N-alkyl chains.  
Gas adsorption isotherm analysis was performed using a Micromeritics ASAP 2020 
surface area and porosimetry analyzer. Measurements were performed at 77 K (liquid N2 bath) for 
N2(g), and at 308 K (water circulator bath) for H2O(g) on thermally activated samples. Brunauer-
Emmet-Teller (BET) surface areas were obtained by performing a Rouquerol analysis over the 
linear isotherm to determine the upper limits of the BET model from the N2 isotherms. Least 
squares linear fitting over the BET plot provided the parameter for the volume of the monolayer, 
BET surface area and C-constant were obtained following the recommendation by Snurr et al. for 
determination of the surface area in MOFs.26 
4.2.2 Synthesis 
Synthesis of metal-organic frameworks was performed as described by Logan et al also in 
chapter 3.13 
The bulk crystallographic stability was measured by immersing power samples (~20 mg) 
in solvent (~3 mL) for and taking measurements at: 1, 3, 5, 7, 10, 15, 20, 30 day for each sample, 
or until the sample was completely decomposed. Measurements were carried out until initial 
powder pattern of MOF is no longer present for all three MOF samples or 30 day was measured. 
For comparison of MOFs in environments, the onset of decomposition began when the anatase 
phase of TiO2 appears ( 25 and 38 2-theta degrees). 
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4.2.3 Water Vapor Sorption 
Multiple water vapor adsorption isotherms were performed in succession, each cycle being 
followed by 1 h of dynamic evacuation at 2 × 10-6 torr prior to following cycle. Each 
adsorption/desorption cycle was from 0.0025-0.45 bar with 30 points in each cycle (20 adsorption, 
10 desorption). 
4.2.4 Density functional theory 
We use density functional theory (DFT) to perform geometry optimization, total energy, and 
vibrational frequency calculations. Our DFT calculations employ plane-wave basis set and the 
projector-augmented wave (PAW)27,28 method as implemented in Vienna ab-initio simulation 
package (VASP).29,30 We set cut-off energy for plane-wave expansion at 500 eV. We use 
Generalized Gradient Approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE) 
functional31 to describe exchange-correlation interactions between the electrons. We use the 
implicit solvation model VASPsol32 to include aquatic solvent effect. All molecules are fully 
relaxed until all force components reach 10-3 eV/Å. Vibrational frequencies are calculated using 
the finite-different method. In all calculations, the molecules are placed at the center of a box of L 
× L × L Å3 cubic box (L = 25). We apply monopole, dipole, and quadrupole corrections33,34 to 
cancel the effect of artificial interactions between periodical images and to correct energy for 
charged systems. In addition, for charged system, we performed a series of total energy 
calculations with varying L from 20 to 50 Å with a step of 5 Å the results of which are used to fit 
to 𝐸 = 𝑎 𝐿𝑛⁄ + 𝑏 to extrapolate the total energy E for 𝐿 → ∞. 
143 
We estimate pKa of the dicarboxylic acid linkers by assuming the standard deprotonation 
reaction, AH ⇋ A− + H+, in aqueous solution, and thus p𝐾𝑎 =  ∆𝐺𝑎𝑞/(𝑅𝑇𝑙𝑛10), where ∆𝐺𝑎𝑞 is 
the change of Gibbs free energy and defined as ∆𝐺𝑎𝑞 = 𝐺𝑎𝑞(A
−) +  𝐺𝑎𝑞(H
+) −  𝐺𝑎𝑞(AH). The 
Gibbs free energy 𝐺𝑎𝑞(AH) of AH and 𝐺𝑎𝑞(A
−) of A− are evaluated using standard statistical 
mechanical treatments in the ideal gas approximation.35 including zero-point energy correction and 
entropy including translational, rotational, and vibrational contributions. For the Gibbs free energy 
of aqueous proton 𝐺𝑎𝑞(H
+), we used experimental values as described in Ref. 36. Oftentimes, 
calculated pKa indicate a linear correlation with experimental values, however the intercept is not 
0 and the slop is far from 1.36-39 While searching for accurate method to calculate pKa is still an 
active research topic, the problem can be fixed by a simple linear interpolation (𝑎p𝐾a + 𝑏, where 
a and b are two constants that are needed to be determined). In this work, the constants are 
determined so that pKa1 and pKa2 of terephthalic acid (3.54 and 4.43, respectively)
40 are exactly 
reproduced. The calculated pKa of several carboxylic acids in aqueous solution using the above 
interpolation, as shown in Table 4-2, are in excellent agreement with experimental ones.37 This 
gives us confidence to use it to calculate pKa1 and pKa2 of dicarboxylic acid linkers. The results 
are summarized in Table S1. Note that if we assume the deprotonation reaction as AH + H2O ⇋
A− + H3O
+ and all Gibbs free energies are calculated, identical results can be obtained with the 
same interpolation approach.   
4.3 Results and Discussion 
We studied the bulk crystallographic stability and water vapor adsorption properties of MIL-
125-NHCyp compared to MIL-125-NH2, and MIL-125-NHMe. First, we compared the structural 
stability of the three MOFs by immersing bulk powder samples in water for varied periods of time 
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and measured their X-ray power diffraction pattern (PXRD), until the anatase phase of TiO2 started 
to appear (Figure 4-1 and Table 1). At 25 ºC and pH 7, we observed that both MIL-125-NH2 and 
MIL-125-NHCyp retain their crystallinity up to 20 d. Although neutral water at room temperature 
did not produce major differences in the stability between these two MOFs, MIL-125-NHCyp 
exhibited an increased stability after raising the temperature and varying the pH. Increasing the 
temperature to 50 and 70 ºC, MIL-125-NH2 decomposes after 5 and 3 d, respectively, whereas 
MIL-125-NHCyp displays decomposition after 10 and 7 d, at the respective temperature. In more 
acidic environments, decreasing the pH to 4, MIL-125-NHCyp retains crystallinity even after 
being immersed for 20 d, and MIL-125-NH2 only up to 15 d. At pH 1, both MOFs remain 
crystalline, but only up to 7 d. In alkaline media at pH 9, MIL-125-NHCyp retains crystallinity 
up to 15 d and MIL-125-NH2 decomposes after 10 d. At pH higher than 9, we observed almost 
immediate dissolution of all MOFs. In the case of MIL-125-NHMe, we observed that this MOF 
decomposed at much shorter times under all the described conditions (Table 1, see SI), evidencing 
that the nature of the substitution plays a vital role.  
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Figure 4-1: Powder X-ray diffraction of MIL-125-NH2 and MIL-125-NHCyp (Cyp = cyclopentyl) after 




Table 4-1: Water stability data of MIL-125-NHR MOFs. aConditions: 20 mg of MOF in 3.0 mL of 
solvent at specified pH and temperature. bTime at which TiO2 is observed. c 5% v/v H2O in MeCN. d At 






–NH2 –NHMe –NHCyp 
H2O 25 7 20 10 20 
H2O 50 7 5 3 10 
H2O 70 7 3 3 7 
H2O 25 1 7 3 7 
H2O 25 4 15 10 20 
H2O 25 9 10 7 15 
H2O/MeCNc 25 TEOAd >30 >30 >30 
MeCN 25 TEOAd >30 >30 >30 
MeCN 25 AcOHd >30 >30 >30 
 
 
Other studies towards water stability in MOFs have been addressed from the point of view 
of the effect that the pKa of the dicarboxylic acid linker, as well as the hydrophobicity of the side 
chain functionalization. Long et al. proposed that by utilizing less acidic organic linkers, i.e. 
increasing their pKa, should result in stronger metal–linker bonds.41 In our case, since the only 
difference between the three linkers is the alkyl functionalization of the aniline in 2-amino-
terephtalate (–H, –Me and –Cyp), we rationalize that the small inductive effects of the substituents 
result in small increases in the pKa value. We previously observed that these small inductive 
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effects indeed affect the electronic properties of the MOF, exhibiting decreased bandgaps, 
consistent with the expected trend.22 We performed a DFT calculation on each of the three acids 
and found that these pKa values are very similar, for MIL-125-NHMe and MIL-125-NHCyp (see 
Table 4-2). So the inductive effects are too small to influence Ti–O (carboxylate) bond strength, 
affecting the stability only marginally. 
 
Table 4-2: Calculated (calc) and experimental value (exp) of pKa of carboxylic acids used in this work. a 
Experimental values are taken from Ref. 37. b The values are for pKa1 and pKa2, respectively. 
   
Molecule pKa (calc) pKa (expa) 
HCOOH 3.60 3.75 
CH3COOH 4.78 4.76 
C6H5COOH 4.23 4.20 
p-NH2C6H4COOH 5.03 4.87 
Terephthalic acid 3.54, 4.43 b 3.54, 4.43b 
2-amino-terephtalate (–H) 3.87, 4.77 b NA 
2-amino-terephtalate (–Me) 3.89, 4.62 b  NA 




A second factor affecting the stability is the hydrophobicity of the linker. Cohen42 and 
others43-46  have studied this effect on the water stability of other MOFs (MOF-5, MIL-53, UiO-
66 types), observing that by adding longer alkyl chains, MOFs that are typically hygroscopic can 
become superhydrophobic. In our case, the N-cyclopentyl group would impart the required 
hydrophobicity (Figure 4-2) to exclude water from potentially attacking the metal-oxide cluster 
(see below). A third factor is the Lewis basicity of the aniline nitrogen, as inductive effects cause 
increased Lewis basicity of the heteroatom. This basicity should affect the hydrogen bonding 
ability of the linker. We believe that by substituting the amino group with a methyl, the Lewis 
basicity increases, causing a better interaction with water (see water adsorption below), making it 
more attractive towards water. This effect should be accentuated even more in MIL-125-NHCyp; 
however, the steric blocking ability of the cyclopentyl group inhibits hydrogen bonds and renders 
hydrophobicity.  
In our previous study,22 typical photocatalytic conditions with these MOFs were performed 
in polar organic solvents, such as acetonitrile (MeCN), under non-anhydrous conditions, and in 
the presence of sacrificial agents, such as basic triethanolamine (TEOA). Here we tested their 
stability under these conditions by exposing all three MOFs to wet acetonitrile, and in the presence 
of either TEOA or acetic acid (AcOH), and no decomposition was observed during the measured 
times (Table 1). The MOFs also remain stable in wet MeCN/TEOA under constant blue LED 
irradiation for up to 20 d. All the studied MOFs remain crystalline and with optimal photocatalytic 
operation, even under highly humid environments. This unusual stability prompted us to study 




Figure 4-2: Top: crystal structure of the MIL-125 MOFs (gray spheres = carbon, white spheres = 
hydrogen, red spheres = oxygen, blue polyhedra = titanium, yellow sphere represents the pore, side chains 
not shown for clarity). Bottom: molecular structure of the –NHR substited linkers indicating 
hydrophillicity/hydrophobicity of the side chains. 
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We measured the water vapor isotherms at 35 ºC (Figure 4-3). As previously observed, 
MIL-125-NH2 displays an IUPAC isotherm Type V, with a characteristic S-shape. 47,47 It has been 
discussed that the shape of the isotherm is due to either pressure-induced pore gating, or clustering 
of water at the surface of the MOF particles at low pressure, followed by “cooperative adsorption” 
starting at 20% relative humidity (RH), adsorbing between 30-40% of its weight in water (at 30-
80% RH, Table 2). Following a similar trend, MIL-125-NHMe also displays the S-shaped 
isotherm, but with slightly decreased water uptake, consistent with its high affinity to water and 
decreased pore volume,22 adsorbing water between 20-30 wt% above 30% RH. MIL-125-NHCyp 
on the other hand, exhibits a much smaller water uptake, between 6-12 wt% at the same RH range 
as the other MOFs, with a very small inflection point at around 20% RH. The isotherm shape and 
uptake indicate that this MOF is hydrophobic, excluding water more efficiently than the 
hydrophilic MOFs. This difference in water adsorption is consistent with the increased 
hydrophobicity of the cyclopentyl group as discussed above. These differences in water adsorption 
were studied in UiO-66 MOFs, where functionalization with –NH2 and –Me groups results in 
materials with very similar pore volume, but with more than 20% difference in water uptakes, 
attributing this difference to be a substitution effect,45 i.e. hydrophobicity. Retention of the porous 
environment after water vapor adsorption was determined by comparison of the change in 
Brunauer-Emmett-Teller (BET) surface area from their N2(g) adsorption isotherm before and after 
water vapor adsorption (Table 4-3). All three MOFs results in retention of their BET surface area 
decreasing less than 4% of the initial surface area. Moreover, performing five cycles of water vapor 
adsorption-desorption over MIL-125-NHCyp (Figure 4-4), resulted in a decrease of less than 2% 





Figure 4-3: Water vapor adsorption isotherms at 308 K (35 ºC) of MIL-125-NH2 (purple), MIL-125-





Figure 4-4: Dynamic water vapor (308 K) adsorption/desorption for MIL-125-NHCyp. Plot depicts five 
total cycles beginning from the left with each cycle ranged from 0.0025-0.45 bar with 30 points in each 







Table 4-3: Water adsorption loadings at 30 and 80% relative humidity as well as change in BET surface 
area before and after water exposure. aBrunauer–Emmett–Teller (BET) surface area, calculated from 
N2(g) isotherm at 77 K (see SI). bLoading measured from water adsorption isotherms at 35 oC. cAfter 5 
water vapor adsorption cycles (Figure 4-4). 
MOF 
Loading (wt%) SBET (m2 g-1)a 
30% RH 80% RH Before After 
–NH2 32 37 1473 1411 
–NHMe 20 30 1047 1010 
–NHCyp 6 12 510 503c 
 
4.4 Conclusion 
We have demonstrated that N-alkyl functionalization of photocatalytically active titanium 
metal-organic frameworks results in enhanced water stability. In particular, MIL-125-NHCyp is 
hydrophobic and exhibits superior structural stability towards humid environments, retaining 
crystallinity for more than a month under photocatalytic conditions, as well as retaining its porosity 
after multiple water adsorption-desorption cycles. This study demonstrates the importance of the 
electronic and steric effects that the organic linker can provide for application of MOFs in real life 
settings. 
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CHAPTER 5: SYNTHESIS AND PRELIMINARY CHARACTERIZATION 
ON THE ISORETIULAR EXPANSION OF TITANIUM METAL-
ORGANIC FRAMEWORKS 
5.1 Introduction 
As discussed in the precious chapters, there are two proposed methods to increase the 
photoredox activity of MOF systems.1 The first was explored by tuning the optical band gap 
through N-alkyl functionalization of 2-amino terephthalic acid.2 The second one is by increasing 
the length of the organic linker, to allow larger molecules diffuse into MOF structure. Increasing 
the length of the linker from a single phenyl ring (terephthalate) to biphenyl, terphenyl, and a 
quarter phenyl, will result in a systematic increase of crystallographic cell parameters, under the 
condition of forming the same titanium oxide cluster and retaining their underlying topology. This 
is known as the “isoreticular principle,” one of the principles of reticular chemistry.3-8 Increasing 
the cell parameters of a MOF will also result in increasing pore sizes and pore apertures, thus 
enabling the ability to photocatalyze reactions using more complex and larger substrates.9-11 
Unfortunately, efforts in the synthesis of such MOFs with very large linkers typically results in 
interpenatration12-13 or collapse when pore guest are removed from flexibility of longer linkers.14 
Interpenetration is a phenomena in which a framework or multiple frameworks can assemble inside 
of another framework creating a mechanically interlocked system, similar to the way Hopf links 
form chains or chain mail. This entanglement of frameworks occurs under three conditions: the 
MOF contains very long pores, the links in the MOF are large and rod-like, and the topology of 
the MOF enables interpenetration. The first two conditions are often also desired in a MOF; 
therefore, interpenetration can be only controlled by careful choice of a MOF topology that doesn’t 
allow for this interpenetration.15 Interpenetration results in MOFs with decreased porosity, and it 
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has negative impact for many applications where mass transport and pore accessibility are vital. 
In this regard, only a few examples of robust structures with isoreticular expansion of non-
interpenetrated MOFs have been reported.16-19 Another challenge for isoreticular expansion of 
MOFs is the insolubility of the monomers, and increasing the amount of phenylene rings typically 
enhances π-π stacking of the linker, rendering insoluble and incapable to assemble into MOFs.20 
To avoid insolubility concerns, substitution of the phenylene rings with methyl side groups and 
other alkyl chains avoids the formation of strong π-π stacking allowing them to dissolve into the 
MOF-forming cocktail.21-22  
 A strategy to avoid interpenetration is to utilize topologies that contain 1D secondary 
building units (SUBs), as first demonstrated by Yaghi et al.15 It was shown that limiting one 
direction in MOF-69A (Zn) allows the organic linkers to come close to one another, such that close 
mutual CH · · · π interaction to adjacent organic linkers create an impenetrable wall that stops 
interpenetration. However, little is known about titanium containing SBUs and titanium MOFs 
with larger links. Creating titanium based photoredox active MOFs with larger organic links, will 
result in materials with enhanced porosity, featuring larger cavities, thus allowing the diffusion of 
large organic substrates for their photoredox transformations. Moreover, these long links can be 
further modified to tune both the electronic properties and the pore environment of the MOF. For 
example, electron donating groups can be placed in strategic positions of the link to enhance light 
absorption, and chiral or molecular recognition functionalities can be added to provide the pore 
with unique shape-, stereo-, and regioselectivities to drive a chemical reaction through pathways 







Figure 5-1: Expansion of organic linkers prepared in this work (green). 
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In this chapter the primary work is for the isoreticular expansion of titanium MOFs that 
potentially contain 1D SBU is discussed. To this end, we prepared organic linkers with two, three, 
and four phenylene rings, shown in Figure 5-1, that were assembled into titanium MOFs producing 
three new materials that are isoreticular. The work described here includes synthesis, solid-state 
spectroscopy, spectroscopic studies, preliminary crystallographic work using high-resolution 
synchrotron diffraction, porosity and thermal properties of this new family of MOFs hereafter 
called UCFMOFs. 
5.2 Experimental Section 
All starting materials and solvents, unless otherwise specified, were obtained from 
commercial sources (Aldrich, Fisher, VWR) and used without further purification. All reactions 
were performed at ambient laboratory conditions, and no precautions were taken to exclude 
oxygen or atmospheric moisture unless otherwise specified. Anhydrous N,N-dimethylformamide 
(DMF), acetonitrile,  and tetrahydrofuran (THF) were purified using a custom-built alumina-
column based solvent purification system (Inovative Technology). Anhydrous methanol was 
obtained from Aldrich (Sureseal). Deuterated solvents (CDCl3, DMSO) were obtained from 
Cambridge Isotope Lab. 
5.2.1 Instrumentation 
High-resolution solution 1H and 13C nuclear magnetic resonance (NMR) spectra was 
collected using a Bruker AVANCE-III 400 MHz spectrometer. The chemical shifts were reported 
relative to the solvent residual signal. NMR data was processed using MestReNova package (v. 
10.0.2).  
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Fourier-transform infrared (FT-IR) spectra were recorded using a Perkin Elmer Spectrum 
ONE universal FT-IR ATR. 32 scans were collected for each sample from 4000-400 cm-1. 
Powder X-ray diffraction (PXRD) data for refinement was collected on the 11-BM beam 
line by synchrotron radiation (λ = 0.41721 Å) of the Advanced Photon Source from Argonne 
National Laboratory, Chicago IL, USA. Measurements were preformed at ambient pressure and 
temperature from 0.6 to 50 2θ-degrees with 0.001º per step. In house laboratory X-ray diffraction 
was collected with a Rigaku MiniFlex 600 θ-2θ diffractometer in Bragg-Brentano geometry with 
a 300 mm goniometer diameter, Ni-filtered CuKα radiation (λ = 1.5418 Å) at 600 W power (40 
kV, 15 mA), equipped with a high-resolution D/tex 250 detector, 5.0º incident and receiving Soller 
slits, a 0.625º divergent slit, a 1.25º scattering slit, a 0.3 mm receiving slit, a Ni-CuKβ filter, and 
an antiscattering blade. Samples were analyzed from 3 to 40 2θ-degrees with 0.02º per step and a 
scan rate of 0.25 2θ-degrees min-1. Samples were prepared by dropping the powder sample in a 
glass sample holder and pressing the powder with a razor blade spatula forming a smooth surface.  
Crystal structure indexing was performed using GSAS-II.23 The background was first hand 
fit with a 10th order shifted Chebyshev polynomial. The positions of the peaks were manually 
picked and refined using a LeBail method (GSAS-II peak fit routine), also refining Gaussian and 
Lorentzian components of the profile function. Next the asymmetry and background were refined. 
Finally, the Treor90 protocol was preformed, indexing a minimum of 20 peaks with a zero-shift 
refinement. 
Crystal models were created using Materials Studio modeling suite.24 The composition of 
the SBU and connectivity, Ti6O6(OR)6(CO2R)6 based linker was obtain from previously published 
literature.25-26 The organic linkers were piecewise constructed and their geometry was optimized 
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using the universal force field (UFF) in the Forcite module at “fine” optimization quality. The 
charges were also optimized utilizing the formal charges of each atom as starting point. 
Crystal structure refinements were performed using Pawley refinement within GSAS-II. 
No peaks > 20° 2θ could be resolved and was not considered fir further analysis. A 20th order 
polynomial functional was used to fit the background with Pearson VII function and Berar-
Baldinozzi function for peak asymmetry.  
Calculated surface areas were performed using the Atoms Volumes and Surfaces tool of 
Materials Studio24 software. It was used to calculate Connolly specific areas of the refined unit 
cells. The accessible solvent surface areas were used to calculate the specific surface areas of each 
MOF in the UCFMOF series. 
Gas/vapor adsorption isotherm analysis was performed using a Micromeritics ASAP 2020 
surface area and porosimetry analyzer. Measurements were performed at 77 K (liquid N2 bath) for 
N2(g), and at 308 K (water circulator bath) for H2O(g) on thermally activated samples. Brunauer-
Emmet-Teller (BET) surface areas were obtained by first performing a Rouquerol analysis over 
the linear isotherm to determine the upper limits of the BET model from the N2 isotherms. 
Following the recommend by Snurr et al. for determination of the surface area in MOFs, a least 
squares linear fitting over the BET plot provided the parameter for the volume of the monolayer, 
BET surface area and C-constant.27 
Thermogravimetric analysis was performed using a Shimaszu TGA-50 thermogravimetric 
analyzed with samples ran in platinum pan in a continuous N2 gas flow on activated samples. 
Samples were heated at a constant rate of 10 oC min-1 from 25 oC to 800 oC for all experiments.  
The first minor decrease in weight % is attributed to evaporation of air contaminants collected by 
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MOF during transfer from activation high vacuum to platinum pan. In each TGA the major weight 
% loss step is attributed to framework decomposition. 
Solid-state 13C nuclear magnetic resonance was measured on an Agilent DD2 500 MHz 
narrow-bore spectrometer with a frequency 125.6816571 MHz with an Agilent 1.6 mm T3 probe. 
A spectral width of 37.9 kHz was employed, and 370 complex points were collected with MAS 
spinning at 19 kHz. All spectra employed 1H decoupling at a frequency of 499.77755 MHz using 
SPINAL decoupling with a 3.0 μs decoupling pulse. Samples were packed in a 1.6 mm zirconia 
rotor.  
Microwave reactions were performed using a CEM Discover LabMate Microwave reactor, 
using a IntelliVent Attenuator Assembly as the pressure device for the experiments. The vessels 
used for the crystallizations were the 10-mL thick walled pyrex reaction vessels with additional 
sample cooling. The sample vessels were placed in the open vessel attenuator with the spacer and 
capped with the IntelliVent attenuator for each of the runs. The microwave was set to 300 w, 120 




Compound S2: The reaction was carried out under a nitrogen athosphere by using a 
Schlenk line. A mixture of 4-(methoxycarbonyl)iodobenzene (1.00 g, 3.82 mmol), 4-
(methoxycarbonyl)phenylboronic acid (0.75 g, 4.20 mmol), and cesium fluoride (1.74 g, 11.45 
mmol) were evacuated and backfilled with N2 three times. Pd(PPh3)4 (0.22 g, 0.191 mmol) was 
then added under positive N2 flow and then evacuated and backfilled with N2 gas three more times. 
While under positive N2 flow, a solution of dry dioxane / MeOH (1:1 by volume, 38 mL) 
dispensed. The mixture was heated at 90 oC for 12 h followed by TLC. The reaction was quenched 
with H2O and extracted with CH2Cl2 (3 x 50 mL), washed with brine (3 x 50 mL), and dried over 
Na2SO4. The crude mixture was then filtered through celite and concentrated under reduced 
pressure. The product was then purified by recrystallization in EtOH affording S2 (0.65 g, 2.40 
mmol) at 63% yield. 1H NMR (400 MHz, CDCl3) δ (ppm) 8.21 - 8.07 (m, 4H), 7.72 - 7.60 (m, 
4H), 3.95 (s, 6H). 13C NMR (100 MHz, CDCl3) δ (ppm) 166.94, 144.50, 130.35, 129.85, 127.40, 
52.37.  
 
Compound 2: 1 M NaOH (aq., 11.5 mL) was added to a solution of S1 (0.50 g, 1.85 mmol) 
in THF (35 mL) in a 100 mL round bottom flask. The solution was stirred at 50 oC for 12 h followed 
by TLC. THF was removed under reduce pressure, after the solution was allowed to cool to room 
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temperature. 6M HCl was added dropwise until precipitation of a white solid. The solid was then 
isolated by vacuum filtration and rinsed with water to afford 1 (0.41 g, 1.70 mmol) as a white solid. 
(92% yield). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 8.19 - 8.01 (m, 4H), 8.01 - 7.78 (m, 4H). 
13C NMR (100 MHz, DMSO) δ (ppm) 166.98, 143.08, 130.34, 130.00, 127.14.  
 
Compound S3-Me2: The reaction was carried out under a nitrogen athosmosphere by 
using Schlenk line. A mixture of 1,4-dibromo-2,5-dimethylbenzene (1.00 g, 4.24 mmol), 4-
formylbenzeneboronic acid (1.54 g, 8.90 mmol), and CsF (2.57 g, 16.96 mmol) were evacuated 
and backfilled with N2 three times. Pd(dppf)Cl2 (0.17 g, 0.21 mmol) was then added under positive 
N2 flow and then evacuated and backfilled with N2 gas three more times. While under positive N2, 
a solution of anhydrous dioxane/ethanol (3:1 by volume, 42 mL) was added. The mixture was 
heated at 90 oC for 12 h under N2 and followed by TLC. The reaction was quenched with H2O and 
extracted with CH2Cl2 (3 x 50 mL), washed with brine (3 x 50 mL), and dried over Na2SO4. The 
crude mixture was then filtered through celite and concentrated under reduced pressure. The 
product was then purified by recrystallization in EtOH affording S3-Me2 (1.16 g, 3.09 mmol) as a 
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white solid at 73% yield. 1H NMR (400 MHz, CDCl3) δ (ppm) 8.17 (d, J = 8.2 Hz, 4H), 7.51 - 
7.37 (m, 4H), 7.16 (s, 2H), 4.42 (q, J = 7.1 Hz, 4H), 2.27 (s, 6H), 1.43 (t, J = 7.1 Hz, 6H). 13C 
NMR (100 MHz, CDCl3) δ (ppm) 166.69, 146.34, 140.57, 132.82, 131.86, 129.58, 129.35, 129.20, 
61.14, 19.99, 14.54.  
 
Compound 3-Me2: 1 M NaOH (aq., 11.5 mL) was added to a solution of S3-Me2 (0.69 g, 
1.85 mmol) in THF (35 mL). The solution was stirred at 70 oC for 12 h. THF was removed under 
reduce pressure once the solution was allowed to cool to room temperature. 6M HCl was added 
dropwise until precipitation of a solid. The solid was then isolated by vacuum filtration and rinsed 
with water to afford 3-Me2 (0.56 g, 1.70 mmol) as a white solid at 89% yield. 1H NMR (400 MHz, 
DMSO-d6) δ (ppm) 8.02 (d, J = 8.1 Hz, 4H), 7.51 (d, J = 8.2 Hz, 4H), 7.20 (s, 2H). 13C NMR (100 
MHz, DMSO-d6) δ (ppm) 167.17, 145.33, 139.79, 132.31, 131.56, 129.44, 129.34, 129.25, 129.21, 
40.15, 39.94, 39.73, 39.52, 39.31, 39.10, 38.89, 19.54.  
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Compound S4-Me4: The reaction was carried out under a nitrogen atmosphere by using 
Schlenk line. A mixture of 4,4'-dibromo-2,-2',-5,-5'-tetramethyl-1,1'-biphenyl (1.00 g, 2.71 mmol), 
4-formylbenzeneboronic acid (1.03 g, 5.71 mmol), and CsF (1.65 g, 10.84 mmol) were evacuated 
and backfilled with N2 three times. Pd(dppf)Cl2 (0.11 g, 0.14 mmol) was then added under positive 
N2 flow and then evacuated and backfilled with N2 gas three more times. While under positive N2, 
a solution of anhydrous dioxane/ethanol (3:1 by volume, 27mL) was added. The mixture was 
heated at 90 oC for 12 h under N2. The reaction was quenched with H2O and extracted with CH2Cl2 
(3 x 50 mL), washed with brine (3 x 50 mL), and dried over Na2SO4. The crude mixture was then 
filtered through celite and concentrated under reduced pressure. The product was then purified by 
recrystallization in EtOH affording S4-Me4 (0.82 g, 1.71 mmol) as a white solid at 63% yield. 1H 
NMR (400 MHz, CDCl3) δ (ppm) 8.15 - 8.08 (d, 4H), 7.51 - 7.45 (m, 4H), 7.15 (s, 2H), 7.07 (s, 
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2H), 3.96 (s, 6H), 2.27 (s, 6H), 2.13 (s, 6H). 13C NMR (100 MHz, CDCl3) δ (ppm) 167.25, 146.86, 
140.96, 139.80, 133.51, 132.29, 131.66, 131.15, 129.56, 129.49, 128.66, 52.27, 20.05, 19.53.  
 
Compound 4-Me4: 1 M NaOH (aq., 11.5 mL) was added to a solution of S4-Me4 (0.89 g, 
1.85 mmol) in THF (35 mL). The solution was stirred at 70 oC for 12 h. THF was removed under 
reduce pressure once the solution was allowed to cool to room temperature. 6M HCl was added 
dropwise until precipitation of solid. The solid was then isolated by vacuum filtration and rinsed 
with water to afford 3-Me2 (0.73 g, 1.61 mmol) as a white solid at 87% yield. 1H NMR (400 
MHz, DMSO-d6) δ (ppm) 8.02 (d, J = 6.6 Hz, 4H), 7.54 (d, J = 8.0 Hz, 4H), 7.20 (s, 2H), 7.07 (s, 
2H), 2.24 (s, 6H), 2.07 (s, 6H). 13C NMR (100 MHz, DMSO-d6, 25oC) δ (ppm) 167.18, 145.57, 
140.25, 139.19, 132.84, 131.84, 131.29, 130.84, 129.28, 129.23, 129.23, 19.62, 19.06.  
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Synthesis and Characterization of Titanium-oxo Carboxylate Clusters 
Synthesis of [Ti6O6(O
iPr)6(abz)6] (azb = 4-aminobenzoate; O
iPr = isopropoxide) cluster 
was performed according to previously published procedures by Chun et al.26 
Synthesis of [Ti8O8(O2C2(CH3)3)16] cluster was performed according to previously 
published procedures by Walsh et al.28  
UCFMOF-2. Linker 2 (0.034 g, 0.141 mmol) and a titanium source (0.071 mmol) were 
mixed with anhydrous DEF (3.5 mL) in a 10 mL microwave vessel with magnetic stir bar. The 
mixture was then allowed to stir while being degassed with N2 gas for 10 min. The degassed sample 
was then heated by microwave irradiation (300 W) under autogenous pressure for 1 h regulated at 
120 oC with external cooling. After the reaction was complete, the tube was allowed to cool to 
room temperature, opened, and the solids were isolated by filtration. Isolated solid was then rinsed 
with DMF (~100 mL) and EtOH (3 x ~50 mL). The obtained powder was immersed in EtOH and 
stored 3 days in a desiccator, replacing the solvent eight times during this time. The solvent was 
removed by decantation and the solvent wet powder was dried under dynamic vacuum (10 mTorr) 
24 h at room temperature. The solid was stored under N2 in a desiccator. 
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UCFMOF-3-Me2. Linker 3-Me2 (0.049 g, 0.141 mmol) was mixed with anhydrous DMF (3.5 
mL) in a glass vessel and mixed using an ultrasonic bath. A titanium source (0.071 mmol) was 
then subsequently added to the mixture followed by sonication for 10 min. The mixture was flash 
frozen at 77 K (liquid N2), evacuated to an internal pressure of 150 mTorr (± 10 mTorr), and sealed 
under static vacuum. The sealed reaction tube was placed in a sand bath and heated in a 150 ºC 
isothermal oven for 5 d. After the reaction was complete, the tube was allowed to cool to room 
temperature, opened, and the solids were isolated by filtration. Isolated solid was then rinsed with 
DMF (~100 mL) and EtOH (3 x ~50 mL). The obtained powder was immersed in EtOH and stored 
three days in a desiccator, replacing the exchange solvent eight times during this time. The solvent 
was removed by decantation and the solvent-wet powder was dried under dynamic vacuum (10 
mTorr) 24 h at room temperature. The white solid was stored under nitrogen in a desiccator.  
UCFMOF-4-Me4. Organic linker 4-Me4 (0.063 g, 0.141 mmol) was mixed with anhydrous 
DMF (3.5 mL) in a glass vessel by brief sonication. A titanium source (0.071 mmol) was then 
subsequently added to the mixture followed by sonication for 10 min. The mixture was flash frozen 
at 77 K (liquid N2), evacuated to an internal pressure of 150 mTorr (± 10 mTorr), and sealed under 






DMF, 150 oC, 5 d






oven for 5 d. After the reaction was complete, the tube was allowed to cool to room temperature, 
opened, and the solids were isolated by filtration. Isolated solid was then rinsed with DMF (~100 
mL) and EtOH (3 x ~50 mL). The obtained powder was immersed in EtOH and stored three days 
in a desiccator, replacing the exchange solvent eight times during this time. The solvent was 
removed by decantation and the solvent wet powder was dried under dynamic vacuum (10 mTorr) 
24 h at room temperature. The white solid was stored under N2 in a desiccator. 
5.3 Results and Discussion 
The organic linkers were synthesized by a palladium catalyzed Suzuki reaction followed by 
hydrolysis in alkaline environment. The corresponding MOF was synthesized in a ligand-to-metal 
ratio of 2:1. The expansion from the classical single phenylene ring, to two, three, and four 
dicarboxylate organic linker, yielded three new isoreticular materials termed UCFMOF-2, 
UCFMOF-3-Me2, and UCFMOF-4-Me4. The synthesis of UCFMOF-3-Me2 and UCFMOF-4-
Me4 were performed solvothermally. Due to the insolubility of linker 2, the synthesis of 
UCFMOF-2 was only obtained though microwave synthesis.  
Structural composition of all MOFs was elucidated using powder X-ray diffraction (PXRD) 
with a synchrotron radiation. The prepared MOFs crystallize as polycrystalline powders and no 
single crystals could be identified. The experimental diffractograms all depict low-angle 
diffraction with no evidence of starting material. The experimental powder patterns were indexed 
in a hexagonal lattice with unit cell parameters displayed in Table 5-1. The appearance of TiO2 
phase impurities in UCFMOF-2 could not be further removed.  Given the hexagonal unit cell and 
connectivity of the linkers, a SBU with a connectivity of 6 is most probable, also the most observed 
type of titanium oxo-carboxylate cluster reported.29-35 Potential structure models were generated 
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for a three dimensional (3D) supramolecular framework with a hexinuclear SBU that has six 
carboxylate ligands that extend outward in the (xy) place creating an equatorial crown, leading to 
layered materials.36-37 The orientation of stacking was modeled with three extreme possibilities 
using Forcite module of Materials Studio with geometric and energy minimization (Figure 5-2). 
Model A consists of a layered primitive hexagonal P63 (No. 173) system with discrete 0D SBU in 
an AB-stacking conformation capped with isopropoxy functional groups on the top and bottom. 
Model B is a fully eclipsed structure of Model A that consists of layered trigonal P-3 (No. 147) 
system in an AA-stacking conformation. Model C consists of edge-sharing trigonal pyramidal 
Ti6O9 clusters that form 1D infinite nanowires [(Ti6O9)n] that eliminates the possibility of 
interpenetration. 
 
Table 5-1: Indexed cell parameters compared to potential models. 
 a (Å)  a (Å) Model Parameter c (Å)  c (Å) Model Parameters 
Model Indexed A B C Indexed A  B  C 
UCFMOF-2 18.41312 18.65234 18.63141 18.54439 11.38132 19.13240 15.26134 11.30219 
UCFMOF-3-Me2 22.93292 22.69954 22.75815 22.76060 11.46497 20.62475 15.88039 11.42670 
UCFMOF-4-Me4 27.19147 27.07610 26.87281 27.27100 11.46143 19.43110 16.58134 11.52180 
 
The calculated unit cell was then compared with experimentally indexed values (Table 5-1), 
revealing that Model C agrees most closely (Figure 5-3). 13C Cross-polarization/magic angle-
spinning (CP/MAS) on thermally activated samples observed no resonances for titanium alkoxo 
groups (isopropoxy) that would be expected if Model A or Model B was formed (Figure 5-4). A 
Pawley refinement was performed on the experimental powder patter to obtain refined unit cell 
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parameters (Figure 5-5), leading to low residuals (Table D-1) allowing extraction of integrated 
intensities for electron map reconstruction. Local structure information regarding the titanium-
oxo-carboxylate clusters is necessary to definitively determine atomic position and to preform 
Rietveld refinements for complete crystal structure solution.  
To further characterize the porosity properties of UCFMOF series, N2 adsorption (at 77 K) and 
thermal gravimetric analysis (TGA) was performed on thermally activated samples following 
EtOH solvent exchange. TGA revealed that the series is thermally stable up to 430 oC (Figures 
D-1 to Figure D-3) with no appreciable mass loos below this temperature, suggesting the absence 
of volatile guests. This was further confirmed with 13C CP/MAS NMR and Fourier transform 
infrared spectroscopy (FT-IT) by the absence of resonances for residual solvent such as DMF 
(sample synthesis) and EtOH (sample activation) (Figures D-16 to Figure D-21). N2 gas 
adsorption isotherms revealed that all MOFs display a IUPAC type II isotherm that is typical of 
microporous materials, where gas uptake is governed by accessible pore volume rather than total 
internal surface area (Figures D-7 to Figure D-15). The application of the Brunauer-Emmett-
Teller (BET) model resulted in BET surface areas that increase with increasing linker length, and 
calculated to be 354 m2 g-1, 1067 m2 g-1, and 1679 m2 g-1 for UCFMOF-2, UCFMOF-3-Me2, 
and UCFMOF-4-Me4, respectively (Figure 5-6). The obtained surface areas are in agreement 
with those calculated using the refined crystal structure in the Atoms Volumes and Surfaces tool 
of Materials Studio with exception of the microwave synthesized UCFMOF-2 (  
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Table 5-2, Table D-2).  
 
Figure 5-2: Crystal models of titanium clusters. (A) Viewed the clusters along (001) view, (B) (110) view, 
(C) and magnified to show isopropoxy functional groups presented on top and bottom of each discrete 
cluster of Model A and Model B, highlighted being pointed out by black arrows. Atom colors: Red = O, 






Figure 5-3: Proposed crystal model of UCFMOF-3-Me2. Organic linker 3 is solvothermally reacted with 





Figure 5-4: 13C CP/MAS spectra analyzing the absence of titanium alkoxide in UCFMOF family. Hi-








Figure 5-5: (A) PXRD Pawley fitting of thermally activated systems displaying the experimental powder 
pattern (blue), refined Pawley fitting (red), background (green), difference plot (black line), and the Bragg 













Table 5-2: BET surface area and pore volume for UCFMOF series.  aPore volume measure at 0.05 
p po
-1. 
UCFMOF- 2 3-Me2 4-Me4 
BET Surface Area (m2 g-1) 354 1067 1679 
Pore volume (cm3 g-1) a 0.064 0.196 0.615 
 
 
All these MOFs can be synthesized in a wide variety of conditions with little appearance of 
impurities. The robustness of synthetic conditions and access to rapid production was explored 
with using microwave assisted synthesis, different titanium sources, concentrations, and different 
temperatures (depicted conditions shown in Figure 5-7). Ti(OiPr)4, Ti(OBu)4, TiCl4, and 
[Ti6O6(O
iPr)6(abz)6] (azb = 4-aminobenzoate; O
iPr = isopropoxide) cluster under identical 
conditions and with small additions of alcohols as a cosolvent, the same crystalline product was 
obtained with minor impurities. Interestingly, even when utilizing an 8-fold preassembled 
titanium-oxo carboxylate cluster [Ti8O8(O2CR)16], reconstruction of the cluster core occurs to 
produce hexagonal materials. In our models, titanium clusters with 8-fold ring shape are 
incompatible with hexagonal unit cells, so we suspect that reconstruction of the clusters leads to 
the formation of the 6-fold ring cluster. Temperature has little influence on crystallinity, while 









Complete elucidation of the crystal structure is only possible after preforming Rietveld 
refinements. In order to have a complete crystal model for refinement, more information on the 
atomic position of the titanium cluster and linkers is required, since the Rietveld method is very 
sensitive to this atomic information. Local structure information of titanium will provide a better 
picture of location of atoms around the cluster. This type of information can be obtained through 
methods such as X-ray absorption fine structure (XAFS), X-ray absorption near edge spectroscopy 
(XANES), or total X-ray scattering for pair-distribution function (PDF). These measurements will 
be performed in future studies. 
5.4 Conclusion 
In summary, we report three new layered titanium MOF, UCFMOF family, which was 
synthesized from linear dicarboxylic acid linkers and various titanium metal sources. UCFMOF 
family most likely possesses a one-dimensional inorganic cluster with a high stability compared 
to its discrete analogues. All members of UCFMOF series are noninterpenetrated and exhibit 
robust porous structures where the unit cell, pore aperture, and the void volume is dependent upon 
the organic linker length. This is evident by their high permanent porosity and high thermal 
stability (up to 430 oC). Elucidation of the crystal structure of these MOFs is the last piece of 
information needed for their complete structural characterization. 
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CHAPTER 6: CONCLUSION AND OUTLOOK 
This body of work represents a contribution to photoredox active metal-organic frameworks. 
MOFs offer structural advantages as a tunable photocatalyst for photoredox transformation. The 
primary design of this research followed a comprehensive approach that combines experimental 
and theoretical research along with mechanistic information to understand how to optimize 
photoredox activity and stability in humid environments. This helps to provide guidelines intended 
for further development of advanced earth-abundant catalytic MOF-systems for targeted 
applications.  Presented here are eleven new Ti-MOFs which nearly doubles the number of existing 
Ti-MOFs, all are crystalline powders that were characterized by means of powder X-ray 
diffractions crystallography, gas and vapor adsorption, and solid-state spectroscopy. Their 
electronic and photocatalytic properties of seven of them were tuned by careful selection of the 
substituents in the organic building blocks, and expansion if the pore size in four of them was 
research by increasing the molecular size of the linker. The future tasks of this project is to be able 
to combine tuning of both electronic and porosity properties for the preparation of an optimal 
photocatalyst that operates with broadband visible light and it is accessible to large substrates for 
their site- and shape-selective transformation via photoredox process. 
 Future research includes elucidation of the crystal structure of the UCFMOF family by 
determining the local structure around the Ti-cluster. This can be achieved with the use of pair-
distribution function (PDF) and potentially with the help of synchrotron-based X-ray absorption 
measurements. Further prospects include the design of novel UCFMOF-based systems that impart 
more sophisticated functionalities that include chemical recognition. There are two schemes that 
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are sequential for the future development of the UCFMOF series. The first scheme is the 
incorporation of electron donation groups and steric constraints through heterocycles to see the 
effect on light harvesting and excited state lifetime. Second, incorporation of chiral or shape-
selective molecules to impart preferred spatial configuration on substrates. The use of such 
functional groups can produce diastereomer or enantiopure MOFs with large well-defined 
asymmetric catalytic sites to facilitate substrate diffusion and pore design that has further 
selectivity towards shape, size, chemical environment enabling true substrate shape-selectivity. 
The combination of these two research goals could virtually drive new and highly specific 
chemical transformation. 
Enhancing the optical properties of the organic linker is the next step in the development 
of the UCFMOF series. The building blocks used in chapter 5 involve linkers that do not promote 
ligand-to-metal charge transfer in the visible region. This can be addressed with the incorporation 
of functional groups with electron donating groups in the aromatic rings. Synthetically, UCFMOF 
family can be chemically altered so the aromatic rings are substituted with electron donating 
(compounds 2-4 and 9-10, Figure 6-1) and electron withdrawing groups (compounds 5-8, Figure 
6-1). The effect heterocycles and their partially restricted rotation can be probed to observe if there 
is a role in their bandgap, the excited state lifetime, and potential charge recombination effect 
(compounds 4 and 10). These can even be utilized as in Chapter 3 and Chapter 4 to study this 
effect as it pertained to photophysical and photochemical properties. Furthermore, such 
substitution can probe the effect of distance the elector must travel from the aromatic ring of the 
valence band (typically reside on ring substituted with electron donating group) to the conduction 
band (inorganic cluster) and its role on photochemical activity.  
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UCFMOF-4 family can be modified to allow the core to be altered with chiral groups 
(Figure 6-2). This imparts a special pore shape and selectivity where it is possible that the MOF 
steric constraints dictating the chemical pathway after excitation occurs. Covalent attached groups 
such as 1,1’-bi-2-napthol (BINOL, 11) will be explored to see the effect that such steric 
functionalities have on driving potential stereo- and regio-selective reactions that are inaccessible 
in solutions, for example the photoxidation of compounds 9 and 11 in Chapter 2 of this dissertation 
produces two diastereomers, and a chiral MOF could aid in the preferential formation of a 
diastereomer. It is also possible to chemically alter the linkers to study other the effect of other 
functionalities such as various polarities (12), active Brønsted acid photoredox catalyst (13), and 
metal alkoxides (14) or even molecular recognition sites. Finally, there is also the possibility to 
synthesize mixed linker based MOF can generate even more complex photocatalyst with multiple 
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A.1 Powder X-ray Diffractograms 
 
Figure A-1: PXRD of UiO-66 and UiO-66-NH2 as synthesized, peaks are indexed and compared to 
simulated pattern from single crystal data. 
 
Figure A-2: PXRD of UiO-66 and UiO-66-NH2 as synthesized, peaks are indexed and compared to 
simulated pattern from single crystal data. 
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Figure A-3: PXRD of MIL-125 as synthesized, peaks are indexed and compared to simulated pattern from 
single crystal data. 
 
Figure A-4: PXRD of MIL-53 and MIL-53-NH2, peaks are indexed and compared to simulated pattern 
from single crystal data. 
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Figure A-5: PXRD of HKUST-1 as synthesized before and after the photocatalytic oxidation 
experiments. 
 
Figure A-6: PXRD of UiO-66-NH2 as synthesized before and after the photocatalytic oxidation 
experiments. 
























































































A.3 Reaction kinetics 
 
Figure A-12: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of the photocatalytic oxidation of 1 vs. time 
using MIL-125-NH2 at 25 ºC. The signals of starting material 1 and product 2 used for the quantification 






Figure A-13: Concentration vs. time plot of 1 (filled symbols) and 2 (open symbols) using MIL-125-NH2 
at 25 ºC. Concentrations obtained with respect to mesitylene internal standard. Each point is the average 







Figure A-14: Linear region of concentration vs. time plot for compounds 1 (filled symbols) and 2 (open 
symbols) using MIL-125-NH2 at 25 ºC. Concentrations were obtained with respect to mesitylene internal 






















Figure A-15: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of the photocatalytic oxidation of 1 vs. time 
using UiO-66-NH2 at 25 ºC. The signals of starting material 1 and product 2 used for the quantification 








Figure A-16: Concentration vs. time plot of 1 (filled symbols) and 2 (open symbols) using UiO-66-NH2 at 
25 ºC.  Concentrations obtained with respect to mesitylene internal standard. Each point is the average of 







Figure A-17: Linear part of the concentration vs. time plot of 1 (filled symbols) and 2 (open symbols) 
using UiO-66-NH2 at 25 ºC. Concentrations obtained with respect to mesitylene internal standard. Each 





















Figure A-18: Concentration vs. time plot of 1 (filled symbols) and 2 (open symbols) using MIL-125-NH2 
at 50 ºC. Concentrations obtained with respect to mesitylene internal standard. Each point is the average 






Figure A-19: Linear part of the concentration vs. time plot of 1 (filled symbols) and 2 (open symbols) 
using MIL-125-NH2 at 50 ºC. Concentrations obtained with respect to mesitylene internal standard. Each 














= 27.47±1.80 mmol×L-1×min-1 
 





Figure A-20: Concentration vs. time plot of 1 (filled symbols) and 2 (open symbols) using MIL-125-NH2 
at 60 ºC.  Concentrations obtained with respect to mesitylene internal standard. Each point is the average 







Figure A-21: Linear part of the concentration vs. time plot of 1 (filled symbols) and 2 (open symbols) 
using MIL-125-NH2 at 60 ºC. Concentrations obtained with respect to mesitylene internal standard. Each 





















Figure A-22: Arrhenius plot of the photooxidation of 1 using MIL-125-NH2. Activation energy of the 
reaction is indicated. 
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A.4 Photochemical Quantum Yields 
 
 
Figure A-23: 1H NMR spectra (400 MHz, D2O, 25 ºC) of the standard photo-decomposition of p-cresol 
by TiO2. 
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Linear least-square fitting of the data points resulted in: 
Rin(p-cresol) = -239±19 μmol L-1 min-1 
A.5 NMR Spectra 
 
Figure A-24: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 1. 
 











Figure A-26: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 2. 
 











Figure A-28: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 3. 
 











Figure A-30: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 4. 
 











Figure A-32: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 5. 
 













Figure A-34: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 6. 
 









Figure A-36: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 7. 
 







Figure A-38: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 8a. 
 









Figure A-40: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 8b. 
 









Figure A-42: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 9. 
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Figure B-1: Synthesis of N,N-2-dimethyl amino-terepthlate dimethyl ester 
 
N,N-2-dimethyl amino- terephthalic acid (2.00 g, 9.56 mmol) was suspended in anhydrous DMF 
(20 mL) and stirred until fully dissolved. K2CO3 (5.30 g, 38.2 mmol) was added, followed by 
dropwise addition of methyl iodide (7.66 g, 54.0 mmol), and the mixture was stirred for 18 h at 60 
ºC. The reaction mixture was then cooled to room temperature and quenched with 2 M HCl (aq) 
to a pH = 3. The mixture was extracted with EtOAc (3 × 50 mL), the combined organic extracts 
were washed with brine (3 × 50 mL), dried over anhydrous MgSO4, filtered through celite and the 
solvent was removed using a rotary evaporator. The obtained crude was purified using flash 

















Compound S1: Yellow solid, yield 0.69 g (31%). 1H NMR (400 MHz, CDCl3) δ = 7.65(d, J = 5.9 
Hz, 1H), 7.60 (s, 1H), 7.45 (d, J = 7.5 Hz, 1H), 3.91 (d, J = 3.8 Hz, 6H), 2.89 (d, J = 3.1 Hz, 6H). 
13C NMR (100 MHz, CDCl3) δ = 168.69, 166.90, 151.95, 133.26, 131.59, 124.43, 119.19, 117.73, 
52.44, 43.57. 
 
Compound 3: Protocol: The alkylated diester (0.50 g) was dissolved in THF (25 mL), followed by 
addition of 1 M NaOH (aq, 12.8 mL). The solution was heated to 70 ºC and stirred for 8 h. The 
mixture was concentrated in a rotary evaporator at 45 ºC to remove the excess THF. The mixture 
was cooled to room temperature followed by addition of 1 M HCl (aq) until a pH = 3. The observed 
precipitate was isolated by filtration, rinsed with water, and dried in air at room temperature for 6 
h. Yellow solid, yield 0.45 g (90%). 1H NMR (400 MHz, DMSO-d6) δ = 7.99 (d, J = 1.8 Hz, 1H), 
7.95 - 7.89 (m, 1H), 7.76 - 7.71 (m, 1H), 2.86 (s, 6H). 13C NMR (100 MHz, DMSO) δ = 167.11, 








General procedure for solvothermal MOF crystallization in flame-sealed glass tube vessel. A 
meter-long borosilicate glass tube measuring 10 × 8 mm (o.d × i.d), was divided into six equal 
portions with a marker. Using a glass cutter, the long tube was cut into three shorter tubes by only 
cutting every other mark. The cut ends of the tube were etched using an oxygen-propane torch. 
The final glass tubes were made by melting the intermediate glass tubes at the mark with the torch. 
After the reactants and solvents were loaded into to the glass tubes, a hose adaptor was used to 
connect the glass tube to a high vacuum (10 mtorr) using a Schlenk line constructed by fitting the 
open end of the tube inside a short length of standard rubber hose that was further affixed to a 
ground glass tap which could be closed to insolate this assembly from dynamic vacuum. The 
mixture was flash frozen at 77 K (liquid N2), evacuated to an internal pressure of 150 mtorr (± 10 
mtorr), and sealed under static vacuum. Upon sealing, the length of the tube was reduced to 18-20 
cm; the reactant mixture was allowed to thaw and placed in an isothermal oven inside a sand bath. 
After the reaction was complete, the tube was allowed to cool to room temperature, the tube was 




B.2 Crystal modeling and Rietveld refinements. 
 
Figure B-2: Rietveld plot of MIL-125-NHMe. Blue marks = observed, green trace = refined, teal = 
difference, red trace = background. 
 
Figure B-3: Rietveld plot of MIL-125-NHEt. Blue marks = observed, green trace = refined, teal = 
difference, red trace = background. 
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Figure B-4: Rietveld plot of MIL-125-NHiPr. Blue marks = observed, green trace = refined, teal = 
difference, red trace = background. 
 
 
Figure B-5: Rietveld plot of MIL-125-NHBu. Blue marks = observed, green trace = refined, teal = 





Figure B-6: Rietveld plot of MIL-125-NHCyp. Blue marks = observed, green trace = refined, teal = 
difference, red trace = background. 
 
 
Figure B-7: Rietveld plot of MIL-125-NHCy. Blue marks = observed, green trace = refined, teal = 









Figure B-8: Rietveld plot of MIL-125-NHhep. Blue marks = observed, green trace = refined, teal = 
difference, red trace = background. 
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Table B-1: Crystallographic information from Rietveld Refinement. 











71.78 72.19 90.78 
Temperature (K) 300 300 300 
Z 32 32 32 
Crystal system tetragonal tetragonal tetragonal 






a (Å) 18.635(16) 18.626(20) 18.70(5) 
c (Å) 18.131(14) 18.088(18) 18.11(5) 
V (Å3) 6296(15) 6275(20) 6330(50) 
Number of 
independent atoms 
23 27 29 
Observed reflections 104 103 104 





13.177 13.171 13.226 
Min d-spacing 
resolution (Å) 
2.256 2.259 2.263 
Refined parameters 
(total) 
53 66 97 
Rp (%) 6.478 6.175 12.331 
wRp (%) 8.686 8.551 21.211 
RB (%) 5.966 5.884 13.300 





Table B-2: Crystallographic information from Rietveld Refinement. 











97.68 86.26 88.86 
Temperature (K) 300 300 300 
Z 32 32 32 
Crystal system tetragonal tetragonal tetragonal 






a (Å) 18.70(4) 18.682(29) 18.675(23) 
c (Å) 18.21(4) 18.204(28) 18.147(22) 
V (Å3) 6370(40) 6354(29) 6329(23) 
Number of 
independent atoms 
27 34 35 
Observed reflections 104 92 100 





13.225 13.210 13.205 
Min d-spacing 
resolution (Å) 
2.264 2.364 2.282 
Refined parameters 
(total) 
69 61 70 
Rp (%) 12.135 7.869 3.969 
wRp (%) 20.323 13306 5.597 
RB (%) 13.303 7.777 3.445 













Temperature (K) 300 
Z 32 
Crystal system tetragonal 
Space Group I4/mmm (No. 123) 
a (Å) 18.854(27) 
c (Å) 18.292(23) 




Observed reflections 88 













Rp (%) 6.291 
wRp (%) 9.196 
RB (%) 7.049 





































































B.4 Gas Adsorption 
 
Figure B-17: Nitrogen Gas adsorption isotherm (77 K) of MIL-125-NH2. 
 
Figure B-18: NLDFT pore size distribution of MIL-125-NH2 using data measured from N2 gas isotherm 
at 77 K. 
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Figure B-19: Nitrogen Gas adsorption isotherm (77 K) of MIL-125-NHMe. 
 





Figure B-21: Linear BET plot MIL-125-NHMe. 
 
Figure B-22: NLDFT pore size distribution of MIL-125-NHMe using data measured from N2 gas 
isotherm at 77 K. 
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Figure B-23: Gas adsorption isotherm (77 K) of MIL-125-NHEt. 
 
Figure B-24: Rouquerol plot MIL-125-NHEt. 
259 
 
Figure B-25: Linear BET plot MIL-125-NHEt. 
 
Figure B-26: NLDFT pore size distribution of MIL-125-NHEt using data measured from N2 gas 
isotherm at 77 K. 
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Figure B-27: Gas adsorption isotherm (77 K) of MIL-125-NHiPr. 
 
Figure B-28: Rouquerol plot MIL-125-NHiPr 
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Figure B-29: Linear BET plot MIL-125-NHiPr. 
 




Figure B-31: Gas adsorption isotherm (77 K) of MIL-125-NHBu. 
 
Figure B-32: Rouquerol plot MIL-125-NHBu. 
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Figure B-33: Linear BET plot MIL-125-NHBu. 
 




Figure B-35: Gas adsorption isotherm (77 K) of MIL-125-NHCyp. 
 
Figure B-36: Rouquerol plot MIL-125-NHCyp. 
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Figure B-37: Linear BET plot MIL-125-Cyp. 
 
Figure B-38: DFT pore size distribution of MIL-125-NHCyp using data measured from N2 gas isotherm 
at 77 K. 
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Figure B-39: Gas adsorption isotherm (77 K) of MIL-125-NHCy. 
 
Figure B-40: Rouquerol plot MIL-125-NHCy. 
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Figure B-41: Linear BET plot MIL-125-NHCy. 
 




Figure B-43: Gas adsorption isotherm (77 K) of MIL-125-NHhep. 
 
Figure B-44: Rouquerol plot MIL-125-NHhep. 
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Figure B-45: Linear BET plot MIL-125-NHhep. 
 
Figure B-46: DFT pore size distribution of MIL-125-NHhep using data measured from N2 gas isotherm 
at 77 K. 
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Table B- 4: N2 BET Surface area parameters. 
MIL-125-NHR Me Et iPr Bu 
Vm (cm
3(STP) g-1) 229.64 173.09 112.86 158.38 
σV_m 0.62 0.42 0.28 0.61 
SBET (m
2 g-1) 998.9 752.9 491.0 689.0 
σS_BET 2.7 1.8 1.2 2.6 
CBET 3382 3663 2800 2159 
σC_BET 640 676 521 481 
 
Table B- 5: N2 BET Surface area parameters. 
MIL-125-NHR Cyp Cy hep 
Vm (cm
3(STP) g-1) 134.41 96.37 53.79 
σV_m 0.44 0.46 0.35 
SBET (m
2 g-1) 584.7 419.2 234.0 
σS_BET 1.9 2.0 1.5 
CBET 2424 1262 822 




Figure B-47: CO2 Gas adsorption isotherm of MIL-125-NH2 at 273 K (blue), 283 K (red), and 298 K 
(green). 
 




Figure B-49: CO2 Gas adsorption isotherm of MIL-125-NHEt at 273 K (blue), 283 K (red), and 298 K 
(green). 
 




Figure B-51: CO2 Gas adsorption isotherm of MIL-125-NHBu at 273 K (blue), 283 K (red), and 298 K 
(green). 
 




Figure B-53: CO2 Gas adsorption isotherm of MIL-125-NHCy at 273 K (blue), 283 K (red), and 298 K 
(green). 
 
Figure B-54: CO2 Gas adsorption isotherm of MIL-125-NHhep at 273 K (blue), 283 K (red), and 298 K 
(green) 
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B.5 Optical Band Gap Spectra 
 
Figure B-55: Tauc plot for MIL-125-NH2. Linear region is indicated. 
 
Figure B-56: Tauc plot for MIL-125-NHMe. Linear region is indicated. 
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Figure B-57: Tauc plot for MIL-125-NHEt. Linear region is indicated. 
 
Figure B-58: Tauc plot for MIL-125-NHiPr. Linear region is indicated. 
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Figure B-59: Tauc plot for MIL-125-NHBu. Linear region is indicated. 
 
Figure B-60: Tauc plot for MIL-125-NHCyp. Linear region is indicated. 
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Figure B-61: Tauc plot for MIL-125-NHCy. Linear region is indicated. 
 





Table B-6: Optical bandgap of the prepared MOFs. 
 
  
MIL-125-NHR Eg (eV) Std. Dev. (eV) 
–NH2  2.56 0.02 
–NHMe 2.46 0.03 
–NHEt 2.42 0.02 
–NHiPr 2.40 0.03 
–NHBu 2.35 0.04 
–NHCyp 2.30 0.02 
–NHCy 2.29 0.02 
–NHhep 2.39 0.02 
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B.6 Transient absorption spectra 






















Figure B-63: Transient absorption spectra for a) MIL-125-NH2, suspended in MeCN (λex = 405 nm). 























Figure B- 64: Transient absorption spectra for b) MIL-125-NHMe, suspended in MeCN (λex = 405 nm). 
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Figure B- 65: Transient absorption spectra for c) MIL-125-NHEt suspended in MeCN (λex = 405 nm). 






























































MIL-125-NHR τ (ns) 











Figure B-68: Calibration curve showing the concentration of Fe(II) vs. absorbance at 510 nm. Plotted 
with linear regression line and R2 value. 
 







Figure B-70: Photoreduciton of K3[Fe(C2O4)3] to Fe((C2O4)2-2 vs. time in blue LED reactor. Plotted with 





Figure B-71: Kinetic plot of CO2-photoreduced products using MIL-125-NH2. 
 
Figure B-72: Kinetic plot of CO2-photoreduced products using MIL-125-NHMe. 
287 
 
Figure B-73: Kinetic plot of CO2-photoreduced products using MIL-125-NHEt. 
 




Figure B-75: Kinetic plot of CO2-photoreduced products using MIL-125-NHBu. 
 
Figure B-76: Kinetic plot of CO2-photoreduced products using MIL-125-NHCyp. 
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Figure B-77: Kinetic plot of CO2-photoreduced products using MIL-125-NHCy. 
 






Figure B-79: Control experiments at 120 h blue LED exposure showing the concentration in mol L-1, 








Table B-8: Initial rate of reaction and apparent quantum yield. Initial rate of reaction obtained from 
evaluation at t = 0 of the first derivative of the 3rd order polynomial fit. Apparent quantum yield obtained 
according to eq. (2) 
MIL-125-NHR Rin 
(mol L-1 h-1 ) 
Apparent quantum yield (Φapp) 
MIL-125-NH2 5.97×10-6 0.31% 
MIL-125-NHMe 7.52×10-6 0.39% 
MIL-125-NHEt 6.42×10-6 0.33% 
MIL-125-NHiPr 3.00×10-5 1.56% 
MIL-125-NHBu 5.71×10-6 0.30% 
MIL-125-NHCyp 3.41×10-5 1.78% 
MIL-125-NHCy 2.95×10-5 1.54% 




B.9 NMR Spectra 
 
Figure B-80: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 1a. 
 












Figure B-82: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 1b. 
 











Figure B-84: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 1c. 
 











Figure B-86: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 1d. 
 











Figure B-88:  1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 1e. 
 











Figure B-90: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 1f. 
 











Figure B-92: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound 1g. 
 











Figure B-94: 1H NMR spectra (400 MHz, DMSO-d6, 25 ºC) of compound 2a. 
 











Figure B-96: 1H NMR spectra (400 MHz, DMSO-d6, 25 ºC) of compound 2b. 
 











Figure B-98: 1H NMR spectra (400 MHz, DMSO-d6, 25 ºC) of compound 2c. 
 











Figure B-100: 1H NMR spectra (400 MHz, DMSO-d6, 25 ºC) of compound 2d. 
 











Figure B-102: 1H NMR spectra (400 MHz, DMSO-d6, 25 ºC) of compound 2e. Broad signal at 3.3 ppm 
corresponds to residual water. 
 











Figure B-104: 1H NMR spectra (400 MHz, DMSO-d6, 25 ºC) of compound 2f. Broad signal at 3.3 ppm 
corresponds to residual water. 
 











Figure B-106: 1H NMR spectra (400 MHz, DMSO-d6, 25 ºC) of compound 2g. 
 











Figure B-108: 1H NMR spectra (400 MHz, CDCl3, 25 ºC) of compound S1. 
 









Figure B-110: 1H NMR spectra (400 MHz, DMSO-d6, 25 ºC) of compound 3. 
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Figure C-1: PXRD of MIL-125-NH2, MIL-125-NHMe, and MIL-125-NHCyp in purple, green, and blue 




Figure C-2: PXRD of MIL-125-NH2 in aqueous environment, pH 7, at rt. Days denoted on right 
increasing vertically. 
 




Figure C-4: PXRD of MIL-125-NHCyp in aqueous environment, pH 7, at rt. Days denoted on right 
increasing vertically. 
 




Figure C-6: PXRD of MIL-125-NHMe in aqueous environment, pH 7, at 50 oC. Days denoted on right 
increasing vertically. 
 




Figure C-8: PXRD of MIL-125-NH2 in aqueous environment, pH 7, at 70 oC. Days denoted on right 
increasing vertically. 
 




Figure C-10: PXRD of MIL-125-NHCyp in aqueous environment, pH 7, at 70 oC. Days denoted on right 
increasing vertically. 
 
Figure C-11: PXRD of MIL-125-NH2 in aqueous environment, pH 9 (NaOH), at rt. Days denoted on 
right increasing vertically. 
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Figure C-12: PXRD of MIL-125-NHMe in aqueous environment, pH 9 (NaOH), at rt. Days denoted on 
right increasing vertically. 
 
Figure C-13: PXRD of MIL-125-NHCyp in aqueous environment, pH 9 (NaOH), at rt. Days denoted on 
right increasing vertically. 
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Figure C-14: PXRD of MIL-125-NH2 in aqueous environment, pH 4 (HCl), at rt. Days denoted on right 
increasing vertically. 
 
Figure C-15: PXRD of MIL-125-NHMe in aqueous environment, pH 4 (HCl), at rt. Days denoted on 
right increasing vertically. 
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Figure C-16: PXRD of MIL-125-NHCyp in aqueous environment, pH 4(HCl), at rt. Days denoted on 
right increasing vertically. 
 




Figure C-18: PXRD of MIL-125-NHMe in aqueous environment, pH 1 (HCl), at rt. Days denoted on 
right increasing vertically. 
 
Figure C-19: PXRD of MIL-125-NHCyp in aqueous environment, pH 1 (HCl), at rt. Days denoted on 
right increasing vertically. 
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Figure C-20: PXRD of MIL-125-NH2 in aqueous environment, 0.15M TEOA, at rt. Days denoted on 
right increasing vertically. 
 
Figure C-21: PXRD of MIL-125-NHMe in aqueous environment, 0.15M TEOA, at rt. Days denoted on 
right increasing vertically. 
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Figure C-22: PXRD of MIL-125-NHCyp in aqueous environment, 0.15M TEOA, at rt. Days denoted on 
right increasing vertically. 
 




Figure C-24: PXRD of MIL-125-NHMe in aqueous environment, 0.15M AcOH, at rt. Days denoted on 
right increasing vertically. 
 
Figure C-25: PXRD of MIL-125-NHCyp in aqueous environment, 0.15M AcOH, at rt. Days denoted on 
right increasing vertically. 
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Figure C-26: PXRD of MIL-125-NH2 in MeCN, 0.15M TEOA, at rt. Days denoted on right increasing 
vertically. 
 




Figure C-28: PXRD of MIL-125-NHCyp in MeCN, 0.15M TEOA, at rt. Days denoted on right 
increasing vertically. 
 




Figure C-30: PXRD of MIL-125-NHMe in MeCN, 0.15M AcOH, at rt. Days denoted on right increasing 
vertically. 
 




Figure C-32: PXRD of MIL-125-NH2 in wet MeCN, 0.15M TEOA, at rt. Days denoted on right 
increasing vertically. 
 













Figure C-35: Day-1 exposure in neutral DI water of MIL-125-NH2, MIL-125-NHMe, and MIL-125-
NHCyp (from left to right). 
 
Figure C-36: 10-day exposure in neutral DI water at 70 ºC of MIL-125-NH2, MIL-125-NHMe, and 
MIL-125-NHCyp (from left to right). 
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Figure C-37: N2 gas (77 K) adsorption/desorption isotherm for MIL-125-NH2, MIL-125-NHMe, and 
MIL-125-NHCyp shown in green, blue, and purple, respectively. Closed symbols represent adsorption, 






Figure C-38: H2O vapor (308 K) adsorption/desorption isotherm for MIL-125-NH2, MIL-125-NHMe, 
and MIL-125-NHCyp shown in green, blue, and purple, respectively. Closed symbols represent 




C.3 Density Functional Theory 
 
 
Table C-1: Calculated (calc) and experimental value (exp) of pKa of carboxylic acids used in this work.    
 
Molecule pKa (calc) pKa (expa) 
HCOOH 3.60 3.75 
CH3COOH 4.78 4.76 
C6H5COOH 4.23 4.20 
p-NH2C6H4COOH 5.03 4.87 
Terephthalic acid 3.54, 4.43 b 3.54, 4.43b 
2-amino-terephtalate (–H) 3.87, 4.77 b NA 
2-amino-terephtalate (–Me) 3.89, 4.62 b  NA 
2-amino-terephtalate (–Cyp) 3.88, 4.79 b  NA 
a Experimental values are taken from Ref. 36 
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Table D- 1: Refined crystallographic parameters of synthesized MOFs. 
UCFMOF- 2 3-Me2 4-Me4 
Formula C14H8O7Ti2 C22H14O7Ti2 C30H32O7Ti2 
Crystal system Hexagonal Hexagonal Hexagonal 
Space group P63/mmc P63/mmc P63/mmc 
a (Å) 18.70799 ± 0.09210 22.78755 ± 0.00591 27.17015 ± 0.07251 
c (Å) 11.37619 ± 0.00130 11.46098 ± 0.00674 11.53154 ± 0.3056 
M20 15.39 34.09 75.27 
Number of reflections 442 675 908 
Rp 0.1635 0.0732 0.0565 
Rwp 0.2581 0.1032 0.0964 
Rwp (w/o background) 0.3983 0.1528 0.1348 
  
333 
D.2 Thermogravimetric Analysis (TGA) 
 
Figure D- 1: TGA and 1ST derivate curve of UCFMOF-2. 
 
Figure D- 2: TGA and 1st derivate curve of UCFMOF-3-Me2. 


























Figure D- 3: TGA and 1st derivate curve of UCFMOF-4-Me4. 
D.3 Calculated Surface Areas 
 
Figure D- 4: Connolly calculated accessible solvent surface area available for UCFMOF-2. 















Figure D- 5: Connolly calculated accessible solvent surface area available for UCFMOF-3-Me3. 
 
Figure D- 6: Connolly calculated accessible solvent surface area available for UCFMOF-4-Me3. 
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Table D- 2: Connolly surface area calculations for UCFMOF family. 
UCFMOF- 2 3-Me2 4-Me4 
Crystal Volume (Å3) 3448 5154.025 7372.285 
Crystal Density (g cm-3) 1.1096 0.9397 0.8113 
Accessible Solvent Free Volume 
per Unit Cell (Å3) 
576.97 438.00 1054.98 
Accessible Solvent Surface per 
Unit Cell (Å2) 
603.33 911.41 1254.52 
Connolly SA (m2 g-1) 1577 1882 2098 
 
D.4 Gas Adsorption Analysis 
 
Figure D- 7: Nitrogen Gas adsorption isotherm (77 K) of UCFMOF-2. 
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Figure D- 8: Rouquerol plot UCFMOF-2. 
 
Figure D- 9: Linear BET plot UCFMOF-2. 
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Figure D- 10: PXRD Nitrogen Gas adsorption isotherm (77 K) of UCFMOF-3-Me2. 
 
Figure D- 11: Rouquerol plot UCFMOF-3-Me2. 
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Figure D- 12: Linear BET plot UCFMOF-3-Me2. 
 
Figure D- 13: PXRD Nitrogen Gas adsorption isotherm (77 K) of UCFMOF-4-Me4. 
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Figure D- 14: Rouquerol plot UCFMOF-4-Me4. 
 
Figure D- 15: Linear BET plot UCFMOF-4-Me4. 
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Table D- 3: Determination of BET surface area of UCFMOF series. 
UCFMOF- 2 3-Me2 4-Me4 
BET slope 1.227E-02 4.077E-03 2.589E-03 
σBET slope 1.986E-05 6.311E-06 9.999E-06 
BET intercept 4.153E-06 8.697E-07 2.223E-06 
σBET intercept 5.461E-07 8.032E-08 2.188E-07 
Vm (cm3(STP) g-1) 81.47 245.24 385.88 
σVm 0.14 0.38 1.52 
S_BET (m2 g-1) 354.4 1066.8 1678.6 
σS_BET 0.6 1.7 6.6 
C_BET 2956 4688 1166 
σC_BET 389 433 115 
D.5 Fourier-Transform Infrared (FT-IR) Spectroscopy 
 




Figure D- 17: FT-IR spectra of compound [Ti8O8(O2C2(CH3)3)16] cluster. 
 
Figure D- 18: FT-IR spectra of compound MIL-125-NH2 cluster. 
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Figure D- 19: FT-IR spectra of compound UCFMOF-2 cluster. 
 
Figure D- 20: FT-IR spectra of compound UCFMOF-3-Me2 cluster. 
344 
 
Figure D- 21: FT-IR spectra of compound UCFMOF-4-Me4 cluster. 
D.6 Nuclear Magnetic Resonance (NMR) Spectroscopy 
 





Figure D- 23: 13C NMR spectra (100 MHz, CDCl3, 25 ºC) of compound S2. 
 







Figure D- 25: 13C NMR spectra (100 MHz, DMSO-d6, 25 ºC) of compound 2. 
 









Figure D- 27: 13C NMR spectra (100 MHz, CDCl3, 25 ºC) of compound S3-Me2. 
 









Figure D- 29: 13C NMR spectra (100 MHz, DMSO-d6, 25 ºC) of compound 3-Me2. 
 







Figure D- 31: 13C NMR spectra (100 MHz, CDCl3, 25 ºC) of compound S4-Me4. 
 














Figure D- 33: 13C NMR spectra (100 MHz, DMSO-d6, 25 ºC) of compound 4-Me4. 
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